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Polymers synthesized with a star-shaped architecture can exhibit properties 
that differ from linear polymers. This has led several industries to use star polymers in 
their products. The utility of star polymers is currently restricted to high molecular 
weight applications because it is difficult to reproducibly isolate well controlled, low 
molecular weight star polymers. Consequently, little is known about the properties or 
behavior of star polymers in the low molecular weight regime. In this work, low 
molecular star polymers are reproducibly prepared using atom transfer radical 
polymerization. From simple homopolymers to more complex terpolymer 
compositions, stars with different cores, numbers of arms and arm lengths are studied. 
The potential of star polymers as photoresists is investigated to demonstrate the ability 
of stars in an application that requires extremely low (sub-10 kg/mol) molecular 
weights. Lithographic performance is comprehensively examined over a range of 
processing conditions using combinatorial techniques. This study reveals that the 
conformation of star polymers can result in smoother lithographic features, addressing 
a key challenge facing the photoresist community.  
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CHAPTER 1. INTRODUCTION TO STAR-SHAPTED POLYMERS, 
ATOM TRANSFER RADICAL POLYMERIZATION, 
PHOTOLITHOGRAPHY, AND SIDEWALL ROUGHNESS 
 
Drew C. Forman 
Department of Materials Science and Engineering 
Cornell University, Ithaca, NY 14853 
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The work that follows describes the synthesis of low molecular weight star-shaped 
polymers and their evaluation in one potential application: low roughness photoresists 
for semiconductor manufacturing. In this chapter, four areas of importance will be 
reviewed: (1.1) The star-shaped polymer architecture is introduced with a discussion 
of the theories, simulations and experiments that have benefited several industries. 
Additionally, the motivation for examining low molecular weight stars is explained. 
(1.2) The fundamentals of the polymerization technique atom transfer radical 
polymerization, which will be used throughout this work to synthesize low molecular 
star polymers, are reviewed. (1.3) An overview is given of photolithography and 
photoresists with emphasis placed on some of the reasons why star-shaped 
photoresists may exhibit superior performance. (1.4) Finally, an introduction is given 
to the characterization of roughness, a critical photoresist performance metric that is 
one of the unsolved problems facing high resolution photoresists. 
 
1.1 The Star-Shaped Polymer Architecture 
The word polymer originates from the Greek words ‘poly’ meaning many and 
‘mer’ meaning unit.[1] Polymers are large, typically carbon-based molecules built from 
relatively simple, smaller molecules known as monomers. Plastics, such as Styrofoam, 
Teflon, Nylon, Kevlar and PVC, rubber, epoxy and even DNA are examples of 
polymers. In light of the United States producing 30 million tons of plastic a year,[2] 
it’s safe to say that polymers are ubiquitous in modern life. 
 
1.1.1 Linear Polymers  
The most basic polymer consists of only a single monomer unit that is repeated 
over and over again from one end to the other. Such polymers are called 
homopolymers, because they are only comprised of a single monomer. 
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Architecturally, this material is a linear homopolymer because the monomer units are 
linked in series, one after the other. Linear polymers can also be synthesized from 
multiple types of monomers. These are known as copolymers. The monomer units 
might be arranged as a statistical copolymer, an alternating copolymer or a block 
copolymer.[3] (Figure 1-1) 
Combining different monomers in a statistical copolymer allows one to tailor 
properties, such as crystallinity, flexibility, crystalline melting temperature and glass 
transition temperature.[4] A particular arrangement might be necessitated by the type of 
polymerization used, for example the condensation polymerization of nylon-6,6 
always produces an alternating copolymer.[5] Block copolymers can phase separate 
creating unique morphologies not found with other arrangements.[6] 
 
1.1.2 Polymer Architecture 
So far, the discussion of polymer properties has been limited to changing the 
monomer species that comprise a polymer or their arrangement. Another way to alter a 
polymer’s behavior is through the polymer’s architecture. Not all polymers consist of 
monomers arranged in linear chains. Many architectures can be formed by introducing 
branching points into a polymer chain. This can be accomplished by adding species 
that can link three or more monomers, creating a branching point in a propagating 
chain. For example, low density polyethylene consists of a statistical arrangement of 
short and long branches.[7] Crosslinking can be used to create polymer networks. 
Alternatively, a polymer can contain monomers or end groups that are inert to the 
polymerization but can be utilized in subsequent reactions to form a wide array of 
architectures including H-branched, combs, ladders.[8] (Figure 1-2) 
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Figure 1-1. Three possible monomer arrangements of a copolymer composed of two 
monomers ‘A’ and ‘B,’ adapted from reference.[3] 
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Figure 1-2. Select polymer architectures, adapted from reference:[7, 8] (a) linear; (b) 
statistical branching; (c) ladder; (d) H-branched; (e) crosslinked network. 
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1.1.3 Star-Shaped Polymers 
A subcategory of branched polymers, known as star-shaped polymers or simply 
star polymers, only branch at a central core. Star polymers can be synthesized arm 
first by initially growing linear polymers. The linear polymers are then joined at the 
end through the use of a difunctional monomer that propagates and cross-links the 
linear chains[9] or through attachment to a multifunctional molecule that serves as the 
core.[10] Using difunctional monomers has the disadvantage of creating stars with a 
broad number of arms. Terminating to a multifunctional core requires additional 
purification steps to remove unreacted linear chains. 
Star polymers can also be synthesized by means of a core first approach. First, a 
multifunctional initiator is prepared that will eventually serve as the core. Then, a 
polymerization reaction is carried out, causing polymer chains to propagate directly 
from the multifunctional initiator.[11, 12] This method yields star polymers without the 
broad arm dispersity or linear impurity disadvantages of the two arm-first approaches. 
However, care must be taken to ensure that the multifunctional initiator is soluble in 
the polymerization solvent.[13] 
 
1.1.4 Star Polymer Conformations 
A key reason why star polymers are of interest is because they are capable of 
diverse conformations. Star polymers with very few, long arms are conformationally 
similar to linear polymers. However, as a given number of monomers are divided into 
an ever increasing number of arms, a star polymer will approach the behavior of a 
hard sphere. Between these two extremes, star polymers can observe a broad array of 
behaviors and have been referred to as ultrasoft colloids. The properties of a star are 
therefore affected by both the degree of polymerization, DP (the number of monomer 
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units that compose the star) and the functionality, f (the number of arms in the star).[14-
18] (Figure 1-3) 
 
1.1.4.1 Daoud-Cotton Model 
The center of a star can be a dense environment, with many arms in close 
proximity to each other. As one moves away from the center of the star, the space 
between adjacent chain segments increases. A spherical blob can be drawn around the 
chain segment, such that within that blob the chain behaves as a free chain, i.e. a chain 
not impacted by external influences. Since the space between chains increases as 
distance from the core increases, the spherical blobs size is dependent upon the 
distance from the core. At the center of the star, these blobs might only be the size of a 
single monomer, while at the outermost region of the star, such constructs can be quite 
large. This is the Daoud-Cotton model for a star polymer, which describes a star as a 
series of concentric shells of spherical blobs such that the blob size, ξ(r), scales 
proportional to rf -1/2, where f is the star’s functionality and r is the radial distance 
from the center. One can define a swelling ratio α(r)= ξ(r)/ξ0(r), where ξ0(r) is the 
ideal blob size (the size of a blob when the ideal chain conditions are met). From this 
swelling ratio, three regions can be defined based on the radial position r, between r=0 
(the center) and r=Rc (the furthest extent, or corona, of the star).[19] (Figure 1-4) 
The Swollen Region: The outermost region is defined as r1<r< Rc, and is known as 
the swollen region because the blob size is larger than the size of an ideal blob, 
α(r)>1. 
The Unswollen Region: Inside the swollen region exists an unswollen region for 
r2<r<r1. Within the unswollen region the blob size is equal to the ideal blob size, 
α(r)=1. 
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Figure 1-3. Star polymers with different functionality. 
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Figure 1-4. Daoud-Cotton[19] blob model of a star-shaped polymer, single arm 
depicted.  
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The Core: The innermost region, 0<r<r2, is known as the core. In the core, the 
blob size is equal to the monomer size, indicating that the chains are extended. 
When the number of monomer units in a single arm, N, is much greater than 
݂ଵ/ଶ̅ݒିଶ, where ̅ݒ is the dimensionless excluded volume parameter, the majority of the 
star exists in the swollen region. Studies that consider stars with long arms in good 
solvents satisfy this condition and therefore consider the swollen region and core 
negligible. Generally, theoretical studies consider only this case, and therefore use 
only the scaling laws of the swollen region to describe the entire star.[15] 
However, another two regimes exist for smaller stars. The number of monomers in 
an arm that occupy the core region in this model scales as f 1/2. Therefore, stars with 
arms much shorter than f 1/2 are dominated by the core region. The arms are extended 
as the blob size is equal to the monomer size. In other cases, where N is less than 
݂ଵ/ଶ̅ݒିଶ but much larger than f 1/2, the unswollen region dominates and the star 
behaves as if it were in a θ-solvent, and therefore follows ideal chain scaling. 
Even though the arm of a star is larger than an equivalent linear polymer, the star 
as a whole is smaller than a linear polymer with the same degree of polymerization as 
the star. The size of a linear chain scales as DP 1/2 in a θ-solvent and DP 3/5 in a good 
solvent. Large stars scale with similar exponentials to linear chains. However, the 
degree of polymerization is replaced by the number of monomer units in an arm which 
equals DP/f.  Smaller stars that are dominated by the unswollen region scale by 
(DP/f)1/2 whether they are in a θ-solvent or a good solvent. [15]  
 
1.1.4.2 Simulations 
The scaling behavior of star polymers has been confirmed by Monte Carlo and 
molecular dynamics simulations that track well with experimental findings.[15, 20-33] In 
addition, simulations have been useful in exploring the interaction between 
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neighboring stars[20, 28, 29, 34] and other materials.[35-37] Such studies have demonstrated, 
the hard sphere behavior as f approaches infinity, the linear behavior as f approaches 
two arms and the ultrasoft colloidal behavior that bridges the two extremes.[15] 
Simulations have also been used to examine the statistical thermodynamic partition 
functions of stars.[38] As a result of the arms being covalently attached to the core, the 
possible configurations of a star is restricted from that of a linear polymer with the 
same degree of polymerization. As such, it is not surprising that stars have been found 
to exhibit very different properties than linear polymers (that can be tuned by the 
functionality), including rheology,[39, 40] θ-temperature,[41] relaxation time,[30] and 
diffusivity.[42, 43] 
 
1.1.5 Star Polyelectrolytes 
Polyelectrolytes are charged polymers. Since electrical charges repel like charges, 
polymer conformation is altered by the presence of charge. Specifically, the repulsion 
forces a polymer into an extended conformation. In the case of star polyelectrolytes, 
extension is limited due to the arms being covalently bound to the core. Consequently, 
a star polyelectrolyte cannot expand to the same extent as a linear molecule with the 
same degree of polymerization. A contraction factor can be defined by the ratio of the 
star’s radius of gyration and the radius of gyration of an equivalent linear 
polyelectrolyte. As functionality increases, the contraction factor decreases.[44] 
Simulations and experimental studies have further investigated the nature of 
counterion distributions on the conformation of star polyelectrolytes and star-like 
molecules, including micelles and brushes grafted to small particles. [45-49] 
In addition to contraction, star polyelectrolytes differ significantly from their linear 
counterparts in the manner that they accommodate charge. Polyelectrolyte stars 
confine charges to a far greater degree than their linear counterparts, indicating that 
 12 
 
the arms must be severely extended.[45, 47, 48, 50] In the presence of multivalent 
counterions, the arms of a star will collapse as the counterions interact with several 
charged positions along the arms. In the presence of a trivalent counterion that 
decomposes into a monovalent and divalent counterion when exposed to UV light, 
stars polyelectrolytes have been shown to expand. This demonstrates that the 
counterion contraction effect is significantly more pronounced with trivalent 
counterions than diavalent counterions.[51] It further suggests that the extension of star 
polyelectrolytes can be controlled with the correct ratio of counterions, a feature with 
no counterpart in linear polyelectrolytes. 
 
1.1.6 Star Polymer Applications 
The unique conformations and properties of star-shaped polymers have led to 
several industrial applications. Star polymers are used as viscosity index modifiers by 
the oil industry.[52] Contact lens manufacturers use star polymers to enhance the 
oxygen permeability and hardness of contact lenses.[53] Star polymers are also used as 
additives in coatings, binder in toner and as an encapsulation material for 
pharmaceuticals.[30, 54] Studies continue to examine star polymers for future drug 
delivery applications.[55] However, star polymers may be too large to deliver drugs 
through specific membranes.[56] The size of most star polymers may prove prohibitive 
to other applications, including nanoparticle dispersion stabilizers,[57] cosmetic 
dyes,[58] in vivo sensors for cancer and other diseases.[59]. It is a problem that the 
majority of star polymer studies focus exclusively on large stars. Clearly, additional 
knowledge of the low molecular weight star polymer regimes is required to enable 
these size sensitive fields to take advantage of star polymers. Such knowledge must, 
by necessity, begin with the capability to synthesize well-defined, low molecular 
weight stars. The goal of this work is to demonstrate the reproducible synthesis of low 
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molecular weight star polymers, or star oligomers, and to explore the potential 
benefits of stars in a field with severe molecular size requirements: photoresists for 
semiconductor manufacturing.[60, 61] 
 
1.1.7 Summary 
The properties of a polymer are dependent on both the monomer units that 
comprise the polymer and also the polymer architecture. Star-shaped polymers consist 
of a single core to which multiple polymer arms are attached. This attachment to a 
central core results in conformations that are highly dependent on the star 
functionality. As the number of arms approaches the linear limit of f=1,2 a star 
polymer will become conformationally similar to a linear chain. In contrast, as the 
number of arms approaches infinity, the star behaves as a hard sphere. Between these 
two limits, stars exhibit unique sets of properties that can be tuned by functionality. 
These behaviors have been confirmed by theory, simulation and experiment, leading 
to several industrial applications. Star polymers have the potential to be beneficial in 
multiple low molecular weight fields. However, at the time of this writing, low 
molecular weight star oligomers have been largely ignored. This work seeks to 
demonstrate the reproducible synthesis of star oligomers and the potential benefits of 
stars as photoresists, an application where size can adversely impact performance. 
 
1.2 Atom Transfer Radical Polymerization 
Up until this point, the discussion of polymers has ignored a critical issue: 
polydispersity. Aside from select biopolymers, polymers synthesized in a single batch 
do not have the same degree of polymerization. Size exclusion chromatography 
techniques, such as gel permeation chromatography (GPC), can be used to measure 
the molecular weight distribution of polymers. The ratio of weight average molecular 
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weight (Mw) and number average molecular weight (Mn) are used to quantitatively 
describe the dispersity (Mw/Mn). Due to chain transfer and termination, polymers 
synthesized by conventional polymerization techniques have dispersity values higher 
than 1, the value of a monodisperse polymer. For example, Mw/Mn=2 is a typical 
value for condensation polymerizations. Atom transfer radical polymerization (ATRP) 
is one of several polymerization techniques known as living polymerization, which are 
capable of achieving significantly lower dispersity values. In the case of ATRP, 
Mw/Mn=1.1 is not uncommon. 
 
1.2.1 Atom Transfer Radical Polymerization Overview 
ATRP was simultaneously discovered in 1995 by two groups; one working out of 
Kyoto University in Japan[62] and the other working from Carnegie-Mellon University 
in Pennsylvania.[63] In ATRP the polymer chain (Pm) is capped by a halogen atom (X) 
such as chlorine or bromine. The halogen atom cap prevents chain ends from coupling 
and undergoing disproportionation but it also prevents propagation of the chain. A 
transition-metal (Mtn) abstracts the halogen atom, forming an oxidized transition metal 
(Mtn+1X) and a radical at the chain end (Pm●). This is a reversible redox process. The 
oxidation of the metal and generation of the radical end is known as the activation 
process (kinetic: kact), while the reduction process, which returns the halogen atom to 
the end of the chain is known as the deactivation process (kinetic: kdeact). While a 
chain end is in the activated state monomer can be added to the chain through radical 
polymer propagation (kinetic: kp). Termination (kinetic: kt) can also occur while a 
chain end is in the activated state. However, termination by coupling and 
disproportionation, which require the reaction of two radicals, become statistically rare 
because most chain ends are in the deactivated state.[64] (Figure 1-5) 
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Figure 1-5. Generic ATRP scheme, adapted from reference.[65] 
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Achieving a narrow dispersity requires that both the reversible deactivation 
process and initiation occur rapidly compared to the rate of propagation. If initiation is 
too slow, some chain ends will propagate multiple times before all chains are initiated. 
If the reversible deactivation process occurs with insufficient speed, multiple additions 
can occur in a single activation cycle. Among other factors, the specific kinetics of a 
system depend on the compatibility of the metal-ligand complex, initiator, and 
monomer.[66, 67] 
 
1.2.2 Metal-Ligand Complexes 
ATRP is an extension of atom transfer radical addition,[68-70] transition metal 
catalyzed telomerization[71] and the transition metal initiated redox process.[72, 73] A 
major advance in ATRP is the catalyst that consists of the transition metal compound 
and ligand, which enables the efficient and reversible redox process. Numerous 
transition metal complexes have been investigated based on molybdenum,[74] 
chromium,[75] rhenium,[76, 77] ruthenium,[62, 78, 79] iron,[80-82] rhodium,[83, 84] nickel,[85-87] 
palladium,[88] and copper.[63, 66, 89-91] Copper catalysts have been very successful due to 
their low cost and good performance with a variety of different monomers.[65] The 
ligand N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) and copper chloride 
were selected for the work that follows. (Figure 1-6) 
 
1.2.3 Kinetics 
The conversion of monomer into polymer can be expressed as a percentage or as the 
logarithmic conversion index: ln([M]0/[M]t). Plots of the conversion index versus time 
will result in a linear trend, indicating that ATRP polymerization progresses with first-
order reaction kinetics.[65, 92-97] The slope is dependent on the propagation kinetics (kp), 
the ratio of activation and deactivation kinetics (KATRP=kact/kdeact), the   
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Figure 1-6. (a) N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA) ligand. (b) 
PMDETA ligand complexed with Cu(I)Cl transition metal. (c) PMDETA ligand 
complexed with Cu(II)Cl2 transition metal. Adapted from reference.[65] 
 18 
 
concentration of chain ends [PmX], and the concentration of reduced ([Mtn]) and 
oxidized transition metal ([[Mtn+1]). [See Equation 1-1] 
 
ln ቀ[M]0[M]t ቁ =
௞p௄ATRP[PmX][Mtn]
ൣMtn+1൧
t   Equation 1-1 
 
Studies have also examined the factors governing polydispersity in an ATRP 
reaction.[65, 92, 93, 98] The dispersity has three terms. The first term is a constant (1) and 
represents the minimum possible dispersity. The second term is the Poisson term, 
which describes how the statistics of monomer additions impact the dispersity. As the 
degree of polymerization becomes large, the Poisson term goes to zero. The final term 
is dependent on kinetics, concentration of oxidized transition metal, percent 
conversion (p), and the concentration of terminated chains ([PmX]0-[PmX]). Values on 
the order of 0.1 are not uncommon. [See Equation 1-2] 
 
ெ௪
ெ௡  = 1 + (DPതതതതn)
-1 + ൬௞p([PmX]0-[PmX])௞deact[Mtn+1] ൰ ቀ
2
p
-1ቁ  Equation 1-2 
 
1.2.4 ATRP Stars 
Star-shaped polymers have previously been synthesized via ATRP using both the 
arm first and core first approaches.[65] Previous studies using the arm first approach 
have propagated a short divinyl block to the end of the synthesized arms, which were 
subsequently linked together to form stars.[99, 100] This approach resulted in a broad 
number of arms per star. Furthermore, the arms produced in these studies were far 
larger than the lengths necessary for synthesizing star-shaped oligomers. There is no 
evidence that it is possible to produce arms with a length on the order of a few 
monomer units with this method. For this reason, the core first approach was selected 
for the work that follows. 
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1.2.4.1 Core First Star Polymers via ATRP 
The first star polymer synthesized by ATRP followed the core first approach, 
utilizing a hexakis(bromomethyl)benzene multifunctional initiator.[12] This material 
had low polydispersity (Mw/Mn = 1.23) and a molecular weight of 62.4 kg/mol, 
roughly an order of magnitude larger than a star oligomer. Over the next few years, 
many researchers reported the use of diverse cores to produce star polyacrylates,[13, 101-
103] polymethacrylates,[13, 103-113] and polystyrene.[12, 13, 106, 113-116] In these studies, the 
existence of star oligomers is occasionally demonstrated with the initial data point of a 
kinetics plot. However, the isolation of star oligomers as a reproducible product is 
never reported. 
 
1.2.4.2 The Path to Star-Shaped Oligomers 
Haddleton et al. have previously reported the synthesis of linear methyl 
methacrylate oligomers from the initiator ethyl 2-bromoisobutyrate via ATRP,[112] 
although this was not the stated purpose of the study. In their work, 400:1 and 200:1 
ratios of monomer to initiator were utilized. An aliquot polymerized for 1 hour at the 
400:1 monomer ratio had a Mn = 1.0 kg/mol, DPn = 10. In an aliquot polymerized for 
2 hours at the 200:1 monomer ratio, the measured Mn = 2.5 kg/mol, DPn = 25. Both 
polymerizations followed pseudo-first-order reaction kinetics. They exhibited an offset 
time of 50 minutes. In addition, molecular weight, conversion plots were not perfectly 
linear. Aliquots around 20% conversion were a higher molecular weight than 
predicted and later aliquots exhibited lower molecular weight than predicted. 
Following their work with the 2-bromoisobutyrate initiator, Haddleton et al. 
demonstrated the synthesis of a multifunctional initiator from the similar initiator 2-
bromo-2-methylpropanoyl bromide and glucose.[113] This versatile technique allows 
for the synthesis of multifunctional ATRP initiators from virtually any molecule with 
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multiple hydroxyl groups. It has since been used to synthesize saccharose and 
cyclodextrin based multifunctional ATRP initiators.[117-120] The star polymer synthesis 
technique found in the following work uses Haddleton’s studies as a starting point. 
Whereas Haddleton’s star polymerizations targeted higher molecular weights, the 
following work targets reproducible molecular weights on the order of Haddleton’s 
initial oligomer aliquots from the linear study. At first, this was accomplished using a 
400:1 monomer to multifunctional initiator ratio, rather than a 400:1 monomer to 
initiating site ratio. However, this greatly increased the rate of the reaction, which was 
slowed via dilution. Later synthesis increased the technique’s complexity by further 
adjusting the ratio of monomer-initiator and transition metal catalyst as well as 
introducing new initiators and statistical copolymers. Reproducibility was enhanced 
by refinement of the polymerization initiation and termination procedures and by 
measuring conversion during propagation. 
 
1.2.4.3 Complications in Star Polymerization  
In addition, there are specific considerations that must be taken when synthesizing 
star polymers, which do not impact the synthesis of linear polymers by ATRP. 
Contaminants that simply reduce initiation efficiency in linear polymerizations will 
reduce the number of arms in a star. In addition, initiation sites can be blocked due to 
sterics, especially when bulkier monomers are polymerized.[109] As the polymerization 
continues, high molecular weight shoulders can appear in GPC traces, in some cases 
as early as 20% conversion. This is caused by the recombination of chain ends linking 
two stars together.[114] In linear polymers, this results in the termination of that 
molecule. However, stars have multiple chain ends and can continue to grow when 
one of them terminates, leading to a high molecular weight, dumbbell-shaped polymer 
side product. 
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The characterization of stars can also be a challenge. The molecular weight of 
linear polymers is typically characterized by GPC based on a polystyrene standard. A 
star’s radius of gyration is smaller than an equivalent linear polymer and dependent on 
the star’s functionality. These factors make GPC an imprecise characterization method 
for determining a star’s molecular weight. However, GPC with light scattering and/or 
viscometry detectors have been used to correctly characterize the molecular weight of 
stars.[13] Other studies have characterized the molecular weight of stars by cleaving the 
arms from the star and characterizing them as linear polymers.[105] However, this 
method is impractical for star oligomers because it requires the purification of the 
arms, which are on the order of a few monomer units and are therefore difficult to 
handle. 1H-NMR has also been used to characterize molecular weight; however this 
method is dependent on a system with monomer and core peaks that do not 
overlap.[107] All three of these methods show good agreement with theoretical values 
based on monomer conversion. 
 
1.2.5 Summary 
ATRP is an ideal polymerization technique for demonstrating the reproducible 
synthesis of star-shaped oligomers with well-defined architectures. Established 
procedures can produce varied multifunctional initiators that are compatible with 
copper catalyst. Synthesizing star oligomers with the core first approach requires a 
reduction in the polymerization rate. Fortunately, the kinetics of ATRP is well 
understood and there are several parameters that can be adjusted to slow the 
conversion of monomer. 
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1.3 Photoresists 
The semiconductor industry’s ability to continuously improve both the cost and 
speed of transistors, leading to more powerful processors year after year, is due to 
miniaturization. As size decreases, a greater number of transistors can fit into the same 
unit area, driving down cost per transistor. At the same time, decreasing the critical 
dimension (CD) of a transistor gate leads to faster switching speeds and shorter 
computation times. By developing the technology necessary for further 
miniaturization, the semiconductor industry has managed to keep pace with Moore’s 
Law, which states that circuit densities double at regular intervals.[121] 
 
1.3.1 Photolithography Overview 
A key challenge towards further miniaturization originates from a material known 
as a photoresist that is used during the fabrication of semiconductors, specifically in 
the process of photolithography. During photolithography, a film of photoresist is 
applied to a silicon substrate, baked to remove residual application solvents and 
exposed with high intensity light through a mask, which causes a chemical change 
within the photoresist film and enables the removal of photoresist through a 
development step. The mask is designed to block light in some areas and transmit light 
in others, creating a pattern of exposed and unexposed regions throughout the film. A 
positive tone photoresist is initially insoluble and exposure renders it soluble in 
developer, leading to the selective removal of the exposed regions. In a negative tone 
photoresist, the film is initially soluble with exposure decreasing solubility in 
developer and allowing the unexposed regions to be selectively removed. Following 
development, additional processing, such as etching, can be performed to transfer 
patterns into the underlying substrate. Remaining photoresist is then stripped and the 
process repeated many times to build a working computer chip. (Figure 1-7) 
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Figure 1-7. Conventional photolithographic process, adapted from reference.[60]
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1.3.2 Brief History of Photoresists 
Due to their cost, exposure tools tend to be the bottleneck during fabrication.[122] In 
order to increase throughput, more sensitive photoresists were designed that would 
require shorter exposure times. The diazonaphthoquinone (DNQ)/novolac resist 
contains two components: the novolac resin and a photoactive compound (PAC), 
DNQ.[123] By itself, the novolac resin is soluble in aqueous base developer. However, 
the DNQ molecule acts as a dissolution inhibitor, preventing the novolac from 
developing. When exposed to UV radiation the DNQ releases nitrogen and forms a 
carbene intermediate, which rearranges to a ketene and finally, in the presence of 
water, results in an indenecarboxylic acid.[124] (Figure 1-8) The indenecarboxylic acid 
is soluble in the base developer resulting in development contrast. The exposed region 
develops faster than the unexposed region and the system acts as a positive-tone resist. 
DNQ/novolac resists are able to achieve sub-0.5 µm features with i-line stepper 
tools.[60] 
A tool’s resolution, or the finest feature capable of being printed by that tool, is 
proportional to the wavelength of light divided by the tool’s numerical aperture. For 
on-axis illumination the constant of proportionality is 0.5 while off-axis illumination 
gives a constant of 0.25.[122] The light from i-line tools has a wavelength of 365 nm. In 
order to achieve finer resolutions, short wavelengths are required. A krypton fluoride 
(KrF) light source can produce 248 nm light. However, the DNQ/novolac resist 
absorbs light in this region, resulting in less light reaching the DNQ at the bottom of 
the resist. Efforts to discover a replacement resin and dissolution inhibitor 
combination that was less absorbing at this wavelength met with only limited 
success.[60] 
A breakthrough occurred in 1982 when chemical amplification was proposed by 
Ito, Willson and Fréchet.[125, 126] A photoacid generator (PAG) additive in the  
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Figure 1-8. DNQ/Novalak resist, adapted from reference.[60] 
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photoresist film was used to generate acid upon exposure. Following exposure, the 
generated acid could catalyze multiple chemical reactions in the photoresist during a 
post-exposure bake (PEB) step. (Figure 1-9) Devices were miniaturized to the 130 nm 
node using chemically amplified resists with KrF exposure tools. Sub-130 nm devices 
have been manufactured using argon fluoride (ArF) light sources with chemically 
amplified resists transparent to 193 nm wavelength light.  Fluorine (F2) excimer lasers 
produce 157 nm light.[60] Rather than moving to the 157 nm wavelength, the numerical 
aperture of the tools was increased. Current devices (32 nm node) are manufactured 
using 193 nm wavelength light that is passed through an immersion fluid to increase 
the numerical aperture. 
 
1.3.3 KrF (248nm) Resists 
The earliest chemically amplified photoresists used in manufacturing consisted of 
a triphenylsulfonium hexafluoroantimonate PAG and poly(4-tert-
butoxycarbonyloxystyrene)  (PBOCST).[127] The aqueous base soluble phenolic 
functionality is protected by an acid-labile group. In the presence of acid and heat, 
deprotection of the tert-butoxycarbonyl (tBOC) acid-labile group occurs, generating 
carbon dioxide, isobutene and a new proton. (Figure 1-10) In this manner, a single 
photoacid can deprotect approximately 1000 acid-labile groups, vastly increasing the 
quantum yield over conventional photoresists.[128] The resulting poly(4-
hydroxystyrene) PHOST resin is soluble in aqueous base developer. Polar organic 
solvents can also be used to obtain a positive-tone image, while negative-tone images 
can be obtained using non-polar organic solvents.[60] It is worth noting that the 
polymer end group can impact the chemical amplification reaction.[129] 
It is difficult to find a single monomer unit that contains all of the properties 
necessary to make a good photoresist. Consequently, modern photoresists are  
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Figure 1-9. The photolithographic process for a positive tone, chemically amplified 
photoresist, viewed sideways. (a) Spin-coat & post apply bake. (b) Exposure. (c) Post-
exposure bake. (d) Development. (e) Etching and stripping. 
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Figure 1-10. Chemical amplification scheme for poly(4-tert-
butoxycarbonyloxystyrene), adapted from reference.[60] 
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copolymers. Early copolymer resists consisted of PBOCST copolymerized with 
maleimide derivatives. [130, 131] However, it wasn’t until styrene based monomers were 
copolymerized with methacrylate based monomers that the importance of 
copolymerization was demonstrated. Such copolymer resists required fewer 
deprotection reactions to generate a chemical switch, thereby increasing both contrast 
and sensitivity.[132] The inclusion of methacrylates, which generally exhibit poor dry 
etch resistance, did not significantly degrade the etch resistance of the copolymer. This 
is due to an energy quenching “sponge effect” exhibited by aromatic groups on the 
surrounding material, over a length scale equal to several monomer units.[133, 134] 
Copolymers of PHOST and PBOCST can be prepared several ways,[135, 136] 
although the predominant method is the partial protection of PHOST.[137] 20-30% 
tBOC protection is a typical value.[60] The presence of unprotected PHOST can reduce 
the thermal deprotection temperature to 130 °C, restricting PAB and PEB 
temperatures.[138] Free volume in the film allowed airborne bases, such as N-
methylpyrrolidone, to diffuse into the surface of the film where they neutralized acid, 
preventing deprotection and rendering the surface insoluble (T-topping).[139] The 
environmentally stable chemical amplification photoresist (ESCAP) is a statistical 
copolymer of 4-hydroxystyrene and tert-butyl acrylate.[140] It does not thermally 
deprotect until 180 °C. ESCAP can therefore undergo PAB at a sufficient temperature 
to reduce the free volume in the film, preventing airborne contaminants from entering 
the resist.[141, 142] ESCAP type resists form the bulk of commercial KrF photoresists.  
 
1.3.4 ArF (193nm) Resists 
Aromatic groups absorb 193 nm light. This required the chemically amplified 
photoresist to be redesigned without PHOST to continue miniaturization. 
Polymethacrylates are transparent at the 193 nm wavelength but do not exhibit 
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sufficient etch resistance. Early resists included a terpolymer of tert-butyl methacrylate 
(tBMA), methyl methacrylate (MMA), and methacrylic acid (MAA).[143] 
Incorporating alicyclic structures into polymethacrylate as a pendent group was 
found to improve dry etch resistance without the absorption of aromatics.[144-146] 
Adamantyl methacrylate has a dry etch resistance similar to novolac.[60] However, the 
adamantyl group is extremely non-polar, which can result in poor adhesion and crack 
formation.[144, 146, 147] This can be alleviated by incorporating a hydroxyl group onto 
the adamantyl structure.[148, 149] Lactone rings, which undergo hydrolysis in aqueous 
base, can be incorporated onto a methacrylate to further enhance polarity.[150] Finally, 
a methyl adamantyl group can serve as the acid labile group in a chemically amplified 
resist and also improve etch performance.[151, 152] 
 
1.3.5 Next Generation Resists 
For now, 193 immersion technology continues to be the workhorse of the 
semiconductor industry. Double patterning, which extends the resolution limit by 
working with 1:3 line:space features instead of dense features, may extend 193 
immersion further. However, double patterning is time intensive. It requires twice as 
many processing steps and is also sensitive to overlay errors.[153] Double exposure 
techniques are currently being researched that could alleviate these problems.[154] 
The next exposure source being investigated for future technology nodes is 
extreme ultraviolet (EUV), 13.4 nm wavelength light. EUV photons are high energy 
by virtue of their short wavelength. This will reduce the number of photons and 
exacerbate shot noise due to Poisson statistics.[155] Despite this, EUV tools are 
currently being developed, however the resists are not ready.[156] 
Photoresists that operate under a different mechanism than chemical amplification 
are also being researched. Directed self-assembly using block copolymers has 
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attracted considerable interest. However, the ability to create arbitrary features does 
not yet exist. Ongoing research into directing patterns using sparse features is 
underway.[157, 158] 
 
1.3.6 Polyelectrolyte Behavior of Photoresists 
While rarely referred to as such, exposed positive-tone chemically amplified 
photoresists are weak polyelectrolytes. Specifically, they are weak polyelectrolytes 
with a polymer backbone that is insoluble in the developer. As the chemically 
amplified, deprotection reaction progresses more sites along the photoresist become 
available for charging in aqueous base developer. The repulsion of charges can be so 
strong that it can force the poorly soluble polymer chain to uncoil. Charges build along 
the polymer in locations that minimizes the charge density. This leads to charged and 
uncharged regions. The polymer backbone in the charged regions extends, while the 
uncharged regions remain coiled resulting in a “pearl necklace” conformation.[159-162] 
Synthetic beaded chains, comprised of small stars linked by linear regions have 
recently been synthesized to study this transition.[163] 
The repulsion of like charges is a potent thermodynamic term compared to the 
chemical term that causes a poorly soluble polymer to remain coiled in solvent. The 
difference in terms is sufficient that with n charges a photoresist might remain coiled 
(and undeveloped) but at n+1 charges a photoresist might completely extend 
(undergoing dissolution and developing). The intermediate pearl necklace 
conformations may be skipped if the chain length is sufficiently short. This is one of 
the reasons why chemically amplified photoresists can exhibit high contrast; a single 
charge can make the difference between a photoresist developing or remaining in the 
sidewall. However, the large expansion between the coiled photoresist (size scales as 
√DP) and uncoiled photoresist (size scales as DP) and the rapid speed of the 
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transformation suggests a strong force at the sidewall. This may damage the sidewall 
and increase roughness. [164] In this regard, star resists are an interesting alternative. As 
discussed in section 1.1.5, star polyelectrolytes expand less than equivalent linear 
polyelectrolytes because a star’s expansion is restricted by arm length. This expansion 
might be further reduced with multivalent developer additives, a subject currently 
being investigated.[165] 
 
1.3.7 Summary 
Since its invention in 1982, chemically amplified photoresists have been the 
material of choice for fabricating high-resolution features using photolithography. 
Historically, the design of photoresists has been dependent on the light source. For 
several technology nodes the light source has remained 193 nm. However, as 
lithographers discover new methods to push technology to finer resolutions, a new 
problem is arising that will require a revolution in photoresist design: roughness.   
 
1.4 Roughness 
The International Technology Roadmap for Semiconductors (ITRS) identifies 
photoresist roughness as a key, unresolved challenge facing the continued 
miniaturization of transistors.[166] Roughness in the photoresist is transferred during 
the etch processes and leads to roughness in the final device.[167] In moving towards 
the long term goal of inventing new photoresists with improved roughness, it is 
important to understand how roughness can be characterized. 
 
1.4.1 Line Edge Roughness and Line Width Roughness 
A measurement for side-wall roughness can be calculated from a top-down SEM 
image of lines and spaces. There are many metrics for roughness and the two most 
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common are line edge roughness (LER) and line width roughness (LWR). Both are 
descriptions of statistical deviation along the length of a line, generally expressed as a 
three sigma value. LER measures the positional deviation perpendicular to a line’s 
edge from the line’s average position. LWR measures the deviation of a line’s width 
from its average width. Both of these measurements examine average position or 
width rather than the intended position or width. As lines of shorter length are 
examined, the average values begin to deviate strongly from the intended values, 
artificially reducing the measured values of LER and LWR.[168] 
This can be illustrated through an example involving an artificial line edge 
generated by the sum of three sin waves with different periods and magnitudes. 
(Figure 1-11) When the entire length of the line is examined, the average position 
occurs at 0.07 arbitrary units (a.u.) in the x-direction and there is a standard deviation 
of 1.61 a.u. from the average. However, if the same line is divided into four equal 
sections, each section will have its own average position and standard deviation. The 
average positions, from top to bottom, become 1.51, -1.42, 1.27 and -1.09 a.u. with 
standard deviations of 0.66, 0.79, 0.96 and 1.11 a.u., respectively. The change in 
average position effectively reduces the deviation experienced along the line. A clear 
example of this occurs at the point of greatest deviation in the positive-x direction. The 
deviation at this point is 3.1 a.u. from the line’s average position but only 1.9 a.u. from 
the section’s average position. This demonstrates a serious shortcoming of both LER 
and LWR, their value changes with the length of the measurement. 
 
1.4.2 Sigma Versus Length and Length Independent Roughness Metrics 
An important function known as sigma versus length or SVL can be obtained 
when one examines how LER and LWR change with the measured line edge length of 
a real test pattern. (Figure 1-12) When the data is plotted on a log scale for both the  
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Figure 1-11. A simulated rough line edge generated from the sum of three sin waves. 
Deviation from the average (dash dot) decreases when shorter fragments of the line are 
examined rather than the full line length. 
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Figure 1-12. Processed SEM image for a linear photoresist comprised of 50% 
GBLMA, 30% MAMA and 20% HAMA with a number average degree of 
polymerization of 19.2. The resist was spincoated on a primed silicon to a thickness of 
50 nm. The resulting film was baked at 130 °C for 5 minutes. 96 nm half-pitch lines 
and spaces were exposed with a 100kV electron beam with a FWHM beam diameter 
of approximately 4.3 nm, and a scan pitch of 6 nm at a current of 500 pA and a shot 
time that yielded a dose of 283 µC/cm2. A proximity correction to account for 
electron scattering was applied using the program Layout Beamer with data from a 
Monte Carlo simulation using the program Sceleton. Following exposure the film was 
baked for 30s at 116 °C and developed for 60 seconds using a double puddle 
technique in an industrial developer containing 0.26N TMAH and surfactants to obtain 
a positive tone image. The film was sputtered with gold/palladium and a 3072 x 2304 
pixel resolution image was recorded in a SEM operated at 1.5 kV with a 2.5mm 
working distance and a magnification of 40 000x. This image was processed using 
SuMMIT software from EUVL technologies to locate the line edges and to export a 
black and white image where the lines appear white and the trenches or spaces 
between lines appear black. 
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vertical LWR axis and the horizontal line length axis a linear trend can be observed at 
small line lengths, in this case below 17.6 nm. This length is called the correlation 
length (ξ or Lc). The slope of the linear region below Lc is known as the roughness 
exponent (α) and it is 0.5 in this example. For line lengths greater than the correlation 
length, the measured roughness begins to saturate, approaching a maximum at a length 
that is typically between 6-10 times Lc.[169-171] (Figure 1-13) For this reason, the ITRS 
recommends measuring line lengths of at least 2 microns to determine LER and 
LWR.[166] 
Another metric exists for measuring roughness that is independent of measured 
line length. As the measured line length increases CD variation, the statistical 
deviation in average line width of the line, decreases. There exists a quadratic 
relationship between LWR and CD variation. The sum of their squares results in a 
constant value that is independent of the measured line length. The square root of this 
constant is known as the infinite LWR (iLWR, LWRinf, LWR∞). A similar metric 
exists for infinite LER (iLER, LERinf, LER∞). In addition to producing a useful metric, 
this relationship explains the importance of roughness for semiconductor 
manufacturing. (Figure 1-14) The shrinking of transistor width is similar to reducing 
the length of the measured line edge. This artificially reduces roughness by increasing 
CD variation thereby resulting in greater deviation of transistor gate length. In 
addition, as the gate length shrinks, this deviation becomes a greater percentage of the 
total gate length, increasing its contribution to the transistor performance. Therefore, 
roughness must be reduced to shrink either the transistor width or gate length without 
adversely impacting device performance.[171-173] 
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Figure 1-13. Sigma Versus Length (SVL) plot of LWR corresponding to the sample 
reported in Figure 1-12. 
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Figure 1-14. Simple transistor diagram depicting the relationship between measured 
line length (L) to transistor width and the critical dimension (CD) and CD variation to 
gate length for real semiconductor devices. Adapted from reference.[172] 
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1.4.3 Height-Height Correlation Function and Fractal Dimension 
The SVL plot is a convenient model for discussing the relationship between 
transistor shrinking, roughness and CD variation. However, there exists a function 
known as a Height-Height Correlation Function (G(r) or HHCF) that can provide a 
more rigorous mathematical model of the line edge. [See Equation 1-3] The HHCF 
describes the perpendicular displacement between a pair of points that are offset by a 
distance r. Periodic patterns of displacement can be observed by measuring all 
displacements for all pairs of points. (Figure 1-15) The HHCF reaches a maximum at a 
value equal to σ√2 where σ is the statistical one sigma deviation in LWR (or LER for 
a HHCF of line edges). Similar to SVL, the HHCF exhibits a characteristic correlation 
length and roughness exponent. A rigorous mathematical definition for the correlation 
length exists at )/12(1σ)G(Lc e−= , in this case, occurring at 22.35 nm. Using this 
mathematically defined correlation length, a precise measurement for alpha can be 
determined, in this example 0.61. It is worth noting that for small offset values the 
HHCF gives a very accurate value due to the large number of pairs that can be 
sampled for each offset. At higher offset values, there are few pairs of points offset by 
that amount, resulting in the observed fluctuations in Figure 1-15. Therefore, high 
accuracy measurements in the large offset region can only be achieved by measuring 
many lines.[168, 169, 171, 174] 
 
G(md)= ቂ 1
N-m
∑ (δi+m-δi)2N-mi=1 ቃ
1/2
   Equation 1-3 
 
The HHCF plot for the edges and widths of lithographic lines and spaces is 
consistent with a self-affine fractal, which are characterized by their anisotropic 
scaling.[175] At short length scales (length scaled below the correlation length) the 
fractal dimension (df) is equal to 2-α (and for two-dimensional surfaces df=3- α).[172]  
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Figure 1-15. Height-Height Correlation Function (HHCF) plot corresponding to the 
sample reported in Figure 1-12. 
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At length scales much larger than the correlation length df=1. Therefore, an α 
approaching 1 is desirable, as this will lead to a fractal dimension that approaches 1 
and a smoother line.[168] 
 
1.4.4 Power Spectral Density 
A final function that is used to describe roughness is the power spectral density 
(P(k) or PSD), which is a Fourier transformation that describes roughness as the sum 
of waves with frequency k and amplitude P. (Figure 1-16) This function provides the 
most direct spatial information. As such, it can be useful in interpreting the underlying 
cause of roughness differences between different resists or processing conditions. 
Similar to the log-log SVL and HHCF plots, there exists a linear region, which 
saturates to a maximum. However, as the x-axis is in frequency space the linear slope 
occurs in the high frequency region and begins to saturate below a value of 1/ξ. 
Furthermore, the linear slope is –(2α+1) not α. However, the Lc and α measured by 
PSD can sometimes differ significantly from the values determined by SVL and 
HHCF.[171] One reason for this is that PSD gives the noisiest plot. This is because 
there is less data to examine when measuring frequency rather than length or offset, 
especially in the low frequency regime.[171, 173, 176] 
 
1.4.5 SEM Artifacts and Image Processing 
Another important feature found in the PSD is a constant minimum that occurs at 
high frequencies. This minimum is a result of SEM noise. When measuring roughness 
this region should be filtered out.[177] SEM technique can have additional impact on 
the roughness measurements. In a study examining the impact of pixel size on 
roughness, pixel sizes between 0.5nm and 4nm were examined and found to have an 
impact on α but not on ξ. Large pixel sizes cause a decrease (roughening) in α due to  
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Figure 1-16. Power Spectral Density (PSD) plot corresponding to the sample reported 
in Figure 1-12. 
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the coarser image.[168] The ITRS calls for pixel sizes no larger than 4nm as it is clear 
that roughness cannot be observed at low magnifications. In addition to magnification, 
focus and stigmation variation have been shown to increase high frequency roughness 
as these settings are adjusted from their nominal values.[176] 
Prior to processing, the image shown in Figure 1-12 appears very different. (Figure 
1-17) Rather than black spaces and white lines a grey-scale image is obtained. The 
spaces still appear darker than the lines, however the brightest position tends towards 
the line edge, rather than the center of the line. Furthermore, if one examines the SEM 
image at a pixel level, the edge is found to be noisy. Line edge detection algorithms 
must be used to locate the edge. A standard algorithm will examine the grayscale 
number for each pixel (integers ranging from 0-255) and select a threshold value that 
represents the line edge.[169] Each horizontal line of pixels (perpendicular to the line 
edge) is smoothed using, for example, a Gaussian noise-smoothing filter with a 
specified width to eliminate the noise and correctly identify the line edge. The three 
roughness parameters (σ, ξ, α) can be impacted if the filter width or threshold is too 
low. They have been observed to be independent when the filter width is greater than 
3 pixels and the threshold greater than 30% of the maximum intensity.[174] The image 
in Figure 1-17 was analyzed with a 6 pixel wide Gaussian noise-smoothing filter and a 
50% edge detection threshold. No smoothing is performed in the direction parallel to 
the line edge. 
 
1.4.6 Photoresists and Roughness 
The discussion thus far has been limited to the case of measuring the roughness for 
a set of lines and spaces. However, measuring the roughness of a material is a much 
more challenging problem as roughness is not only dependent on the material  
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Figure 1-17. SEM image of 1-4-2 prior to image processing to identify line edges. 
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composition but also on how that material is processed. The lithographic PEB step is 
of particular importance in chemically amplified resists. In the PEB step, acid 
generated during the exposure both diffuses through the resist film and catalyzes the 
chemical deprotections that result in a solubility switch.[60]  An optimal PEB will 
enable the acid to diffuse over a length scale that smoothes statistical deviations in 
acid concentration. However, if the acid is allowed to diffuse too far, the diffusion-
deprotection front can progress at different rates along a line edge leading to an 
increase in low frequency roughness.[122] Only the roughness exponent has been 
observed as highly invariant with regards to most processing parameters and is 
regarded as characteristic of the material composition at the sidewall. As such, for a 
given resist the roughness exponent only changes when the developer or development 
time changes, revealing in a sidewall composition with a different degree of 
deprotection.[170] 
As roughness is highly dependent on processing, comparing the roughness of 
different materials is not a trivial task. Monte Carlo simulations have been used to 
demonstrate that lower molecular weights and higher branching can lead to lower 
roughness.[178, 179] However, such results are difficult to prove experimentally. Similar 
experimental studies tend to report a single number for the roughness of a resist and 
often do not disclose what method, if any, was used to determine that the reported 
roughness is, in fact, the best roughness achievable for that material.[170, 180] 
Processing conditions can impact more than simply the roughness of the resist. For 
example, the CD of a developed feature is not necessarily the same as the width of the 
exposed area. The difference between the exposure and final CD is known as pattern 
blur or simply blur. Small amounts of blur are not detrimental to a photoresist, as the  
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exposure dimensions can be shrunk by a similar amount to achieve the target CD. 
However, large blur distances are problematic because they can be resolution limiting. 
Under many conditions, roughness can be observed to decrease as blur increases. 
(Figure 1-18) For this reason, it is important to compare the roughness of photoresists 
that have blurred a similar distance. 
When measuring the roughness of a resist, many sets of processing conditions 
must be measured. For example, when the PEB temperature is increased, the exposure 
dose of the processing window decreases. Less acid must be generated to achieve the 
same deprotection at the higher PEB temperature. Generally, large distances of blur 
are observed near the processing window’s high dose limit for a given PEB, while 
short distances of blur are observed near the low dose limit. The roughness for a given 
blurring distance is different for each PEB temperature. An optimal PEB temperature 
can be defined as the temperature at which the smoothest lines are observed at the 
shortest blur distances. As the PEB temperature is either decreased or increased from 
the optimal temperature, greater blurring is required to maintain the same roughness. 
This can be visually demonstrated with an iso-roughness contour plot of PEB 
temperature and blur. (Figure 1-19) 
The roughness performance of multiple resists can therefore be contrasted by first 
identifying the optimal PEB temperature for each resist. Once this is accomplished, 
the roughness of patterns processed at the optimal PEB temperature can be directly 
contrasted with other patterns blurred the same distance. Without identifying the 
optimal PEB temperature it is not possible to compare the roughness of different 
resists. Similarly, contrasting patterns that are blurred different amounts can lead to 
inaccurate comparisons. 
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Figure 1-18. Sample plot of LER and blur for a resist with dose varied but other 
processing conditions held constant. 
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Figure 1-19. Iso-roughness contour plot of LERinf demonstrating an optimum PEB at 
101 °C. Real data points are labeled with a + marker. A triangulation algorithm is used 
to calculate the roughness between data points. Data boundaries are indicated with a 
solid black line. Triangulation performed with IGOR Pro software. 
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1.4.7 Summary 
The most common metrics for reporting roughness, LER and LWR, are dependent 
on measurement length and leave out important spatial information that can be of 
assistance in understanding roughness behavior. The two spatial roughness 
parameters, the correlation length and roughness exponent, stem from the self-affine 
fractal behavior of a photoresist’s sidewall and can be observed in SVL, HHCF and 
PSD plots. The characterization of a material’s roughness can present a substantial 
challenge as the roughness metrics are dependent on not just the material’s 
composition but also its processing and the SEM technique and image analysis 
algorithm used to perform the roughness measurement. 
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2.0 Abstract 
A series of star oligomers consisting of poly(tert-butyl methacrylate) (tBMA) arms 
was synthesized via core-first atom transfer radical polymerization (ATRP) from 
2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)-saccharose (SAC-Br8). In order to 
achieve the reproducible synthesis of star oligomers, the rate of polymerization was 
reduced by decreasing the initial ratio of Cu(I):Cu(II) and diluting the reaction. 
Dilutions resulting in initial initiator concentrations as low as 1.4 mmol/L were 
studied, enabling the synthesis of star oligomers with arms as short as dimers at low 
conversions and allowing glass transition temperature (Tg) dependence on molecular 
weight to be determined. Reproducibility was verified at larger quantities and an initial 
examination was conducted into the impact of molecular size and polarity on 
dissolution behavior. 
 
 2.1 Introduction 
The star-shaped polymer architecture, consisting of multiple linear polymer arms 
attached to a central core, has garnered attention as a result of properties that are 
dependent on the number of arms.[1, 2] As its functionality, or number of arms, 
increases a star polymer’s behavior will continuously deviate from that of a linear 
polymer chain and more closely resemble a colloidal sphere.[3] This hybridization of 
behaviors results in unique material properties and has led to commercial applications 
for star polymers as viscosity index modifiers for oil,[4] oxygen permeability and 
hardness enhancers in contact lenses,[5] and as coating additives, toner binder and 
pharmaceutical encapsulations.[6, 7] Theoretical studies have successfully modeled 
thermodynamic partition functions that link functionality to scaling law behavior for 
molecular size, osmotic pressure, rheology and colloidal behavior.[8-10] Current 
experimental work, backed by simulations, continues to explore star phenomena such 
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as the contraction of star polyelectrolytes compared to equivalent linear 
polyelectrolytes.[11-13] 
Similar to the scaling derivations based on the Daoud-Cotton blob model for star-
shaped polymers, current theoretical and experimental work is limited to the case of 
high molecular weight stars.[1, 2] However, there exists significant applications for low 
molecular weight materials, including conjugates for drug delivery,[14] nanoparticle 
dispersion stabilizers,[15] cosmetic dyes,[16] photoresists for semiconductor 
manufacturing[17, 18] and in vivo sensors.[19] If the capability to reproducibly synthesize 
star-shaped oligomers could be developed, there exists the potential to introduce the 
architectural advantages of star-polymers to low molecular weight applications. 
Furthermore, new phenomena might be observed in the star-shaped oligomer regime. 
Since its inception,[20, 21] the architectural complexity of polymers synthesized by 
ATRP has advanced from simple linear acrylates and methacrylates[22-24] to cylindrical 
brushes[25, 26], hyperbranched[27, 28] and star polymers[29-35] and highly specialized 
architectures such as pearl necklaces[36]. However, excluding initial aliquots taken at 
the start of molecular weight-conversion plots for larger star polymers there are no 
reports of star-shaped oligomers.[32] There exists a fundamental challenge to 
reproducibly synthesize star oligomers as the target molecular weight of the polymer 
arms must decrease with increasing functionality in order to maintain an overall low 
molecular weight. 
In this chapter we report on a successful approach for the reproducible preparation 
of star poly(tBMA) oligomers by “core-first”[37, 38] ATRP. Two factors known to 
reduce the reaction rate,[39, 40] dilution and the inclusion of Cu(II), are combined with 
low conversions to isolate star-shaped oligomers with average arm lengths as low as 
dimers. (Figure 2-1) The full, Fox-Flory Tg dependence on molecular weight is 
determined for this system. While a separate study will further elaborate on the
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Figure 2-1. Graphical depiction of star-shaped p(tBMA) oligomers comprised of 7 
arms with (a) 2, (b) 3, (c) 4 and (d) 5 monomer units per arm, corresponding to the 
samples (a) (PtBMA2)7, (b) (PtBMA3)7, (c) (PtBMA4)7 and (d) (PtBMA5)7 
respectively. The core and monomer units are represented by spheres with volumes 
equal to the molecular weight of SAC-Br8 (excluding bromide) and tBMA. 
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solution properties of star-shaped oligomers,[41] herein we present initial findings by 
examining the dissolution of star-shaped oligomers in thin films . 
 
2.2 Experimental 
 
2.2.1 Materials 
2-Bromo-2-methylpropanoyl bromide and 4-(dimethylamino)pyridine, anhydrous 
pyridine, CH2Cl2 CuCl, CuCl2, pentamethyldiethylenetriamine (PMDETA), D(+)-
Saccharose and N,N,N’,N”,N”- were purchased from Aldrich and prepared according 
to standard procedures. The tBMA monomer was purchased from Aldrich and passed 
through a basic alumina column to remove the inhibitor. 
The poly(tBMA) polymers prepared in this chapter are named for their 
architecture: (PtBMAn)f where n is the number average of monomer units per arm and 
f is the number average of arms per molecule. 
 
2.2.2 Synthesis 
 
2.2.2.1 Preparation of Multifunctional Initiators 
The core-first[37] approach and ATRP were selected to synthesize star-shaped 
poly(tBMA) oligomers. 2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)-saccharose, 
which has eight initiating sites, was prepared from saccharose as previously 
published.[13] 
 
2.2.2.2 Preparation of tert-Butyl Methacrylate Star Oligomer Homopolymers 
A general procedure for ATRP of star poly(tert-butylacrylate)[42] was modified for 
star-shaped poly(tBMA) oligomers as follows: 480.7mg (0.31mmol) of SAC-Br8,  
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17.50g (123.09mmol) tBMA, 426.6mg (2.46mmol) PMDETA, 170.6mg (1.72mmol) 
CuCl and 99.3mg (0.74mmol) CuCl2 were stirred in 170 mL of acetone and 10 mL of 
Toluene under an inert atmosphere.  The solution was heated in a 60 °C oil bath for 2 
hours. 
 Additional CuCl2 was added and the reaction quenched in cold water. The 
solution was concentrated under reduced pressure, taken up in dichloromethane and 
filtered through silica powder to remove the copper catalyst. The solution was then 
concentrated under reduced pressure a second time, taken up in 1,4-dioxane and placed 
in 1000 Dalton dialysis tubing. Dialysis in one liter of 1,4-dioxane was performed 
overnight, twice. The contents of the dialysis tubing were concentrated under reduced 
pressure and precipitated into water/methanol. The precipitate was collected and 
freeze-dried to obtain star poly(tBMA) (PtBMAn)7. 
The conversion of monomer was carefully monitored by collecting aliquot samples 
at the start of polymerization, throughout polymerization and at the end of 
polymerization. Monomer content was measured by the 1H-NMR integration of tert-
butyl methacrylate monomer vinyl peaks calibrated to the -CH3 peak of a toluene 
marker. Conversion is reported as a percentage of the initial monomer concentration 
and in the logarithmic conversion index form: ln([M]0/[M]t). 
Similar procedures were followed with polymerization times modified to achieve 
samples with different conversions, resulting in samples with varied molecular 
weights. (Figure 2-2) 
 
  
 73 
 
 
 
 
Figure 2-2. Reaction pathway toward tert-butyl methacrylate star oligomers. 
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2.2.3 Characterization 
 
2.2.3.1 Size Exclusion Chromatography 
The molecular weight of purified star oligomers were measured by size exclusion 
chromatography (SEC) performed on a Waters GPC system (Waters 486 UV detector) 
by eluting THF (1 cm3 min-1) at 40°C with a linear polystyrene standard to determine 
relative molecular weight. Aliquots were purified by filtration through silica using 
THF as an eluent followed by the evaporation of solvent under vacuum before 
performing SEC. Final products were tested without further modification. 
SEC with a Wyatt DAWN HELEOS multiangle light scattering detector equipped 
with a 632.8 nm He-Ne laser (GPC/MALS) and Viscotek Model 250 viscosity detector 
(GPC/viscosity) were used to determine the absolute molecular weights. THF was 
used as eluent at a flow rate of 1.0 mL/min: column set, 5 µm PSS SDV gel, 103, 105, 
and 106 Å, 30 cm each. For GPC/viscosity, the refractive index increment of the star 
oligomer solutions in THF at 25 °C were measured using a PSS DnDC-2010/620 
differential refractometer. 
 
2.2.3.2 SAC-Br8 Initiation Efficiency 
Initiation efficiency in multifunctional initiators are limited by steric hindrances.[43] 
Theoretical degrees of polymerization were calculated from conversion data and 
compared with Mn absolute to determine an initiation efficiency of 85%. 
 
2.2.4 Dissolution of Star Oligomers by Titration 
A 100nm film was obtained through spincoating a five percent solution of star 
oligomer in propylene glycol methyl ether acetate (PGMEA) on a 
hexamethyldisilazane (HMDS) primed quartz crystal microbalance (QCM) at 2000 
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RPM. Excess solvent was removed by baking at 130°C on a hot plate for one minute. 
The QCM was submerged in a magnetically stirred solution of 2:1 isopropanol 
(IPA):H20. Frequency measurements were recorded every 0.5 seconds enabling the 
thickness of the film to be calculated in real time. The film was allowed to reach an 
equilibrium dissolution rate prior to the IPA concentration being increased. IPA was 
titrated into the solution until rapid dissolution was achieved. 
 
2.2.5 Dissolution Modification of Star Oligomers 
100 nm films were obtained through spincoating PGMEA solutions containing 
20:1 weight ratio of star oligomer and bis(tert-butylphenyl)iodonium nonaflate (BPIN) 
at 2000 RPM onto a silicon wafer vapor primed with HMDS. Excess solvent was 
removed by baking at 130°C for one minute. 
Following thermal treatment, a 100 keV Leica VB6-HR electron beam tool 
operated at 57.1 µC/cm2 was used to generate acid from the BPIN in the film. A 
second thermal treatment at 125°C for 30 seconds enabled the acid catalyzed thermal 
deprotection of the non-polar tert-butyl group in locations where acid had been 
generated.[17] The resulting solubility change was revealed by developing the film in 
an IPA:H2O solution that selectively dissolved only the star oligomers that had 
undergone chemical deprotection, resulting in a patterned surface. 
The film was sputtered with a thin film of Gold / Palladium using a Hummer 
Au/Pd Sputtering System. Patterned lines and spaces with a half-pitch of 100nm were 
examined in a LEO 1550 Field Emission Scanning Electron Microscope (SEM) 
operated at 1.5 keV. 
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2.3 Results and Discussion 
A key goal of this work is to determine the feasibility of preparing star-shaped 
oligomers with a high degree of reproducibility.  The initiation efficiency of SAC-Br8 
was measured at 85%, indicating an average number of arms (favg) of 6.8 and a median 
of 7 arms per star. For star p(tBMA) oligomers synthesized from SAC-Br8, arms 
should not be greater than 10 monomer units long to obtain Tg<Tg,∞. This requirement 
creates procedural challenges that must be overcome to reproducibly synthesize target 
molecules. Large deviation from the target arm length between batches would be 
introduced to the star oligomer if monomer additions occur at a rate greater than the 
temporal precision in which a reaction can be reliably initiated, carried out and 
quenched. It is imperative that monomer additions per chain end occur on a time scale 
no less than one addition every few minutes. Therefore, reducing the polymerization 
rate is a requirement for synthesizing star oligomers with customizable arm lengths on 
the order of several monomer units. 
 
2.3.1 ATRP Synthesis of Star Oligomers Modified by Dilution 
As a first attempt to achieve reproducible star oligomers synthesized by ATRP, the 
reaction rate was modified by diluting the reaction volume with solvent for the 
purpose of slowing the rate of monomer conversion. The relative Initiator : Ligand : 
Cu(I)Cl : Cu(II)Cl2 : Monomer weight ratio was held constant at 1.0 : 8.0 : 5.6 : 2.4 : 
400 with a reaction temperature of 60°C. The solution volume was adjusted by adding 
solvent equal to 2.33 and 10.0 times bulk volume, yielding two reactions with solvent 
concentrations of 70% and 91% or [I]0 concentrations of 4.7 and 1.4 mmol/L 
respectively. Aliquots taken during the reaction were analyzed by 1H-NMR and GPC 
with the results summarized in Table 2-1 and Table 2-2. 
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Low polydispersity index (PDI) values (1.09 ± 0.04) were measured for all star 
oligomers, despite low conversion. This can be attributed to the distribution narrowing 
effect observed in branched polymers, initially explained for a specific case by Schulz 
and later a general derivation was developed by Flory.[44, 45] Qualitatively, the 
distribution narrowing can be explained to result from the low probability of all short 
or all long arms being covalently connected to the same molecule. While the 
individual arms cannot be measured from aliquots of star oligomer, it is worth noting 
that the Poisson term [see Equation 2-1][39, 40, 46, 47] predicts an increase in PDI 
inversely proportional to DPതതതതn. For the low conversion samples, the significance of the 
Poisson term increases dramatically. In the lowest conversion sample, the Poisson 
term is 0.44. This suggests that although the overall molecular weight of star 
oligomers can be well controlled, one cannot expect to achieve mono-disperse arms. 
 
PDI=1+ ଵ
DPതതതതn
+ ൬kpሺ[RX]0ି[RX]ሻ
kdeactൣCuII൧
൰ ቀଶ௣ − 1ቁ  Equation 2-1 
Conversion index [see Equation 2-2][39, 40, 46] is a logarithmic representation of the 
conversion of monomer that is proportional to the polymerization time for ATRP. This 
relationship holds true for the star oligomers reported in Table 2-1 and Table 2-2. 
(Figure 2-3) The separate linear trendlines are a result of changing the amount of 
solvent between the two reactions. The variables kp, KATRP and [CuI]/[CuII] are 
therefore expected to remain constant. [PmX] is directly proportional to [I]0 when the 
rate of initiation and termination is kept much lower than the rates of activation and 
deactivation.[40] This leads to a simplified relationship between the conversion index 
and time [see Equation 2-3] that is independent of dilution. Graphing the conversion 
index, normalized by [I]0, against polymerization time, yields a single trend for both 
reactions. (Figure 2-4) The normalized conversion indices overlap demonstrating that  
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Table 2-1. Polymerization of 2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)saccharose  
 
 
  
entry [I]0
(mmol/L)
time
(min)
conv
(%)a
DPതതതതn, theorb DPതതതതn,arm, 
theorc
(PtBMA10)7 4.7 30 14.0 65.9 9.7
(PtBMA19)7 4.7 60 27.5 129.4 19.0
(PtBMA26)7 4.7 90 37.8 177.9 26.2
(PtBMA31)7 4.7 120 45.4 213.6 31.4
(PtBMA35)7 4.7 150 50.0 235.3 34.6
(PtBMA2)7 1.4 30 3.3 15.5 2.3
(PtBMA3)7 1.4 40 3.8 17.9 2.6
(PtBMA4)7 1.4 50 5.7 26.8 3.9
(PtBMA5)7 1.4 60 7.2 33.9 5.0
(PtBMA7)7 1.4 75 9.5 44.7 6.6
(PtBMA8)7 1.4 90 11.1 52.2 7.7
(PtBMA10)7 1.4 105 13.8 64.9 9.6
(PtBMA12)7 1.4 120 16.9 79.5 11.7
(PtBMA13)7 1.4 145 18.4 86.6 12.7
aConversion measured by 1H-NMR peak integration. bTheoretical degree of 
polymerization calculated by DPതതതതn = ൫∆[M]/(0.85[I]0൯. cTheoretical degree of arm 
polymerization calculated by DPതതതതn = ൫∆[M]/[I]0൯/favg. 
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Table 2-2. Characterization of 2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)-
saccharose 
 
  
entry Poisson Term Mn, theord 
(g/mol)
Mn,mease 
(g/mol) 
Mw/Mne
(PtBMA10)7 0.10 10 900 9 000 1.05
(PtBMA19)7 0.05 19 900 14 400 1.09
(PtBMA26)7 0.04 26 800 17 700 1.11
(PtBMA31)7 0.03 31 900 20 400 1.10
(PtBMA35)7 0.03 35 000 22 300 1.14
(PtBMA2)7 0.44 3 700 2 400 1.11
(PtBMA3)7 0.38 4 100 2 800 1.11
(PtBMA4)7 0.25 5 300 3 300 1.10
(PtBMA5)7 0.20 6 400 3 700 1.10
(PtBMA7)7 0.15 7 900 4 300 1.11
(PtBMA8)7 0.13 9 000 4 900 1.12
(PtBMA10)7 0.10 10 800 5 300 1.12
(PtBMA12)7 0.09 12 800 5 800 1.12
(PtBMA13)7 0.08 13 800 6 500 1.13
dTheoretical molecular weight calculated by Mn=ሺDPതതതതn,theorሻ(MWM)+MWI. eSEC 
using differential refractive index detection vs linear polystyrene standards. 
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Figure 2-3. The conversion index of monomer as a function of polymerization time for 
tBMA star oligomers with initial initiator concentrations of 4.7 (●) and 1.4 (▲) 
mmol/L. 
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Figure 2-4. Conversion index normalized by [I]0 as a function of polymerization time 
for tBMA star oligomers with initial initiator concentrations of 4.7 (●) and 1.4 (▲) 
mmol/L. Trendline is calculated from the combined data set resulting in ln([M]0/[M]t) 
· [CuII] · [CuI]-1 · [I]0-1 · t-1 = 4.21·10-4 [min-1·mmol-1·L]. 
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this relationship can be extended to dilutions of 1000% without inducing unexpected 
kinetic behaviors. 
 
ln ቀ[M]0[M]t ቁ =
kpKATRP[PmX]ൣCuI൧
ൣCuII൧ t   Equation 2-2 
 
ln ቀ[M]0[M]t ቁ ≈[I]0t   Equation 2-3  
 
Mn,pred= ቈ1- ቀekpKATRP[I]0ൣCuI൧0t/[CuII]0ቁ
-1
቉ [M]0MWmer[I]0Ieff +MWinit Equation 2-4 
 
A linear relationship exists between the Mn measured by SEC and the conversion 
index, providing further evidence of the living character of these reactions. The 
measured Mn for all samples falls below the theoretical Mn. This is consistent with 
previous reports of star polymers that have a lower hydrodynamic radius than 
equivalent molecular weight linear polymers.[29-34, 48] Therefore, in SEC techniques, 
such as GPC, that calibrate molecular weight to the hydrodynamic radius of a linear 
standard, the measured molecular weight of stars will be less than the stars’ absolute 
molecular weight. The difference depends on the star’s functionality and the 
calibration of the GPC. 
This study has verified that the rate of monomer addition in ATRP can be reduced 
sufficiently to prepare low polydispersity, star oligomers. One can vary the rate of 
monomer conversion linearly with concentration by keeping the ratio between 
monomer, initiator, catalysts and ligand constant. Equation 2-3 becomes a simple, but 
powerful tool for tailoring the molecular weight of star oligomers. One need only 
calculate a conversion that corresponds to the desired molecular weight and then dilute 
the reaction until the polymerization time reaches a value that gives repeatable results. 
(Figure 2-5)  
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Figure 2-5. Mn is plotted against polymerization time with initial initiator 
concentrations of 4.7 (●) and 1.4 (▲) mmol/L. Curves show molecular weight 
calculated from linear conversion index, time best fit lines [see Equation 2-4].  
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2.3.2 Glass Transition Temperature  
Tg is analyzed as a function of molecular weight for all p(tBMA) stars polymerized 
from SAC-Br8 that are presented in this publication, in addition to higher molecular 
weight materials that were prepared for a solution property investigation discussed in a 
separate publication.[41] (Figure 2-6) The Fox-Flory Equation for Tg [See Equation 2-
5][49, 50] is fit to the data by a root mean square calculation, giving the Tg of infinite 
weight star poly(tBMA)( Tg,∞) at 111 °C and a Fox-Flory constant (K) of 125 
°C·kg/mol. 
 
 
 Tg=Tg,∞-K/Mn     Equation 2-5 
 
2.3.3 ATRP Synthesis of Star Oligomers Modified by Reaction Time 
Having established that the experimental results are described by Equation 2-3, 
and gained insight into the star oligomers’ thermal behavior, the next goal was to 
synthesize and isolate star oligomers in larger quantities for more extensive testing.  
A consequence of high dilution, low conversion and low molecular weight reaction 
conditions is that the resulting solution could not be directly precipitated. Following 
the removal of catalyst by filtration, the solution was concentrated. Excess monomer 
was successfully removed by dialysis with 1000 Dalton dialysis tubing in 1,4-dioxane, 
enabling the precipitation of the product in methanol/water. 
Absolute molecular weights were measured for the pure products by GPC/MALS 
and GPC/viscosity. (Table 2-3 and Table 2-4) The quantities dn/dc and [η] were 
measured individually for each star and both were found to be higher at the region I-II 
boundary than at the region II-III boundary. In evaluating reproducibility, both 
materials were found to have an onset polymerized 20 minutes longer than the original 
experiments but otherwise follow the predicted trend. (Figure 2-7) The additional  
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Figure 2-6. Fox-Flory Tg plot for (PtBMAn)7.  
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Table 2-3. Theoretical and relative molecular weight 
 
 
 
  
    GPCb 
entry timea 
(min)
Predicted Mn
(g/mol)
Mn 
(g/mol) 
Mw/Mn
(PtBMA4)7 60 7 400 5 600 1.3
(PtBMA10)7 120 12 700 9 700 1.3
aReaction time in min bSEC using differential refractive index detection vs linear 
polystyrene standards. 
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Table 2-4. Absolute molecular weight 
 
  
  GPC/MALS, viscosity 
entry  Mn,abs Mw/Mn [η]c dn/dcd
(PtBMA4)7  5 400 1.05 7.0 0.113
(PtBMA10)7  11 200 1.10 6.1 0.078
cIn mL/g, integrated from the curve of [η]xMW vs elution volume. dIn mL/g, from the 
curve of Δn vs. concentration. 
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Figure 2-7. Mnabs for (PtBMA4)7 and (PtBMA10)7 are plotted against Mnpred (curved 
line), which is calculated from Equation 2-4 using the value for ln([M]0/[M]t) · [CuII] · 
[CuI]-1 · [I]0-1 found in Figure 3, to determine reproducibility. Absolute molecular 
weight lags the predicted molecular weight by 20 minutes. 
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onset time stems from the scale-up, which resulted in longer initial heating times, 
shortening the effective polymerization time. Greater reproducibility will be sought in 
future work by preheating the reactor prior to the addition of ligand to remove heating 
error from the procedure. 
 
2.3.4 Dissolution of Star-Oligomer and Star-Polymer 
QCM measures a change in mass (Δm) on a quartz oscillator by the corresponding 
frequency change (ΔF), calculated by the resonant frequency (f0), area of the quartz 
crystal (A), quartz density (ρ), and quartz shear modulus (µ). [See Equation 2-6][51] Its 
sensitivity is on the order of nanograms, prompting its use in a recent study on the 
dissolution of organic films in solution.[52]  
 
∆ܨ = − ଶ௙బ
మ
஺ඥఘఓ
∆݉    Equation 2-6 
 
The dissolution of the star-shaped oligomer was compared with a similarly 
synthesized star-shaped polymer, (PtBMA550)7.[41]Initial IPA:H2O ratios of 2:1 were 
used and swelling was allowed to continue to completion until a steady rate dissolution 
equilibrium was achieved prior to titrating in additional IPA. (PtBMA4)7 swelled for 
10 minutes before the onset of dissolution at 40% swelling. (Figure 2-8) (PtBMA550)7 
swelled for 4 hours before an equilibrium was reached at 225% swelling. This result is 
in agreement with previous knowledge of polymer relaxation time and chain extension 
decreasing for lower molecular weight materials.[53] 
A critical concentration of IPA was observed for both materials, below which the 
dissolution rate was constant. (Figure 2-9) At greater concentrations, the dissolution 
rate increased rapidly with additional IPA. The critical concentration occurred at an 
IPA:H2O ratio of 2.35:1 for (PtBMA550)7 but not until 2.7:1 for (PtBMA4)7. This  
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Figure 2-8. QCM thickness titration experiment for (PtBMA4)7 in IPA:H2O. Film 
achieved 40% swelling after 10 minutes at the initial solvent ratio of 2:1. Periodic 
thickness increases correspond to the addition of IPA.  
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Figure 2-9. Dissolution rates measured by QCM titration for (PtBMA550)7 (■) and 
(PtBMA4)7 (●).  
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counterintuitive result is likely associated with the increasing influence of the less 
soluble core on the overall molecule’s solubility as molecular weight is decreased in 
the star oligomer regime. Below the critical concentration, the baseline dissolution rate 
was negligible for (PtBMA550)7  but 2 nm/min for (PtBMA4)7. 
 
2.3.5 Dissolution Modification of Star Oligomers 
The capability to alter the dissolution properties of star-shaped oligomers in-situ is 
lithographically demonstrated. 100 nm lines and spaces in patterns of 2:1, 1:1 and 1:2 
were formed by rastering a 100 keV electron beam to generated acid from a BPIN 
additive in the thin film. Upon heating, the polarity of the star-shaped oligomers in the 
film was locally increased. This resulted in a solubility switch, increasing the 
dissolution rate in the exposed lines.[17] The film was developed in a 2:1 IPA:H2O 
solution, a concentration at which the star-shaped oligomer was initially insoluble. 
Positive-tone patterns were formed and imaged with a SEM. (Figure 2-10). Nano-
patterned features could not be achieved with the larger star polymer, likely due to a 
combination of chain entanglements and the swelling behavior observed by QCM. 
This experiment demonstrates the capability for star-shaped oligomers to react to local 
stimuli on a size-scale that cannot be achieved with star-shaped polymers. 
 
2.4 Conclusions 
A procedure for reproducibly synthesizing star oligomer poly(tBMA) was 
successfully implemented, relying on a high solvent dilution to control the rate of 
polymerization. Star oligomers with arms as short as dimers were examined and the 
Fox-Flory Tg dependence on molecular weight was determined. In addition, an 
increase in the measured quantities of [η] and dn/dc was found at low molecular 
weights. Differences between the dissolution behavior of star-shaped oligomers and 
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Figure 2-10. SEM of 100 nm half-pitch line spaces test pattern achieved with 
(PtBMA10)7. Pattern exposed at 57.1µC/cm2 with e-beam. 125°C PEB and developed 
for 1 min in 2:1 IPA:H2O to reveal positive-tone patterns.  
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star-shaped polymers were examined with QCM, revealing less swelling and more 
rapid responses for the lower molecular weight materials. The capability to generate 
local differences in dissolution behavior was demonstrated lithographically. This 
capability, which does not exist for high molecular weight star-shaped polymers, 
indicates that star-shaped oligomers can be used to extend the application and 
understanding of the star-shaped polymer architecture in new directions. 
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3.0 Abstract 
A series of star-shaped oligomer resists consisting of poly(tert-butyl methacrylate) 
(tBMA) arms and either a tert-butyl cholate, α-D-glucose or saccharose based 
multifunctional initiators was synthesized via core-first atom transfer radical 
polymerization (ATRP). The effect of core etch durability on the etch durability of the 
star resist was studied. Variants on the homopolymer materials were prepared either by 
reduction of the homopolymers or directly through copolymerization with a lactone 
ring containing methacrylate to facilitate base development following either electron 
beam or deep ultraviolet (DUV) exposures. The star architecture was found to induce 
desirable dry etch durability characteristics indicating potential advantages of this 
architecture over conventional linear resists, and warranting further study. 
 
 3.1 Introduction 
Since its inception,[1, 2] the architectural complexity of polymers synthesized by 
ATRP has advanced from simple linear acrylates and methacrylates[3-5] to cylindrical 
brushes[6, 7], hyperbranched[8, 9] star polymers[10-16] and highly specialized architectures 
such as pearl necklaces[17]. A majority of this work has focused on high molecular 
weight materials, although there exist commercial applications for low molecular 
weight materials including drug delivery conjugates,[18] nanoparticle dispersions,[19] 
cosmetics,[20] in vivo sensors[21] and lithography[22]. Star polymers, which consist of 
multiple polymer arms adjoined at a single core branching point, might exhibit 
superior performance in the field of lithography because, unlike linear materials, the 
solution properties of polyelectrolyte stars can be adjusted by changing the number of 
arms.[23-29] 
Although the kinetics of ATRP are well understood,[30, 31] synthesizing low 
molecular weight star polymers presents a significant challenge. In the core-first
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 approach, polymer arms are grown from multifunctional initiators.[32, 33] A 
consequence of this strategy is that the molecular weight of the star polymer increases 
faster than an equivalent linear polymerization, complicating the precision synthesis of 
star-shaped oligomers. We have recently published an approach that uses a 
combination of reaction rate reducing factors to reproducibly prepare star-shaped 
p(tBMA) oligomers with a saccharose core.[34] In examining these materials we have 
observed that it is possible to achieve desirable thermal and solution properties in the 
low molecular weight regime.[34, 35] While higher molecular weight star-shaped 
polymers possess similar properties, they are not suited to lithographic applications 
where molecular size can limit resolution.[36] 
In this chapter we expand the selection of core materials to include glucose and a 
new tert-butyl cholate multifunctional initiator. (Figure 3-1) Along with the previously 
reported saccharose core, this trio of cores are used to form a series of star-shaped 
p(tBMA) oligomers with different numbers of arms. In addition, each core is 
composed with a different number of carbon rings, a feature that can be exploited to 
examine the etch durability potential of star-shaped oligomers. Finally, we 
demonstrate variations on the star-shaped p(tBMA) oligomers that can be developed in 
an industrial base developer. 
 
3.2 Experimental 
 
3.2.1 Materials 
Cholic acid was purchased from AlfaAesar and used as received. 2-Bromo-2-
methylpropanoyl bromide, 4-(dimethylamino)pyridine, 2-methacryloyl chloride, 
triethylamine and 3-hydroxy-4,4-dimethyldihydro-2(3H)-furanone were purchased 
from Aldrich. AZ® 300 MIF, a 0.26N tetramethylammonium hydroxide (TMAH) base  
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Figure 3-1. Graphical depiction of star-shaped p(tBMA) oligomers comprised of 3, 4 
and 7 arms, corresponding to the samples (a) (PtBMA16)3, (b) (PtBMA12)4 and (c) 
(PtBMA10)7. The cores and monomer units are represented by spheres with volumes 
equal to each component’s molecular weight.  
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developer, was purchased from Fisher. Anhydrous pyridine, CH2Cl2 CuCl, CuCl2, 
LiAlH4 and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) were 
purchased from Aldrich and used without further purification. The tBMA monomer 
was purchased from Aldrich and passed through a basic alumina column to remove the 
inhibitor. Reaction solvents were purchased through Aldrich. 
The poly(tBMA) polymers prepared in this chapter are named for their 
architecture: (PtBMAn)f where n is the number average of monomer units per arm and 
f is the number average of arms per molecule. 
 
3.2.2 Synthesis 
 
3.2.2.1 Preparation of Multifunctional Initiators 
The core-first[32] approach and ATRP were selected to synthesize star-shaped 
poly(tBMA) oligomers. Three multifunctional initiators, with different functionality, 
were synthesized to serve as the precursors for stars with different numbers of arms. 
2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)-saccharose (SAC-Br8), which has eight 
initiating sites, was prepared from saccharose and 1,2,3,4,6-penta-O-(2-
bromoisobutyryl)-α-D-glucose (GLU-Br5), which contains five initiating sites, was 
prepared from α-D-glucose.[29] A third initiator, Tris(2-bromoisobutyryl)tert-butyl 
cholate (tCHO-Br3), containing four rings and three initiating sites, was prepared by 
the following procedure. 
Tert-butyl cholate was prepared according to the literature method.[37] It should be 
noted that a different ATRP initiator with four initiating sites was recently published 
using a different cholic acid derivative.[38] 
1H NMR spectra were recorded on a Varian Inova-500 spectrometer at ambient 
temperature, using the chemical shift of a residual solvent (CHCl3 at δ 7.28 ppm) as an 
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internal reference. All chemical shifts are quoted in parts per million (ppm) relative to 
the internal reference and coupling constants J are measured in Hz. The multiplicity of 
the signal is indicated as follows: s (singlet), d (doublet) and m (multiplet). 13C NMR 
spectra were recorded on a Varian Inova-500 (126 MHz) spectrometer using the 
central resonance of the triplet of CDCl3 at δ 77.0 ppm. Infrared absorptions were 
measured for samples on a NaCl window with a Mattson Instruments Galaxy 2020 
spectrophotometer. Microanalyses were carried out by Quantitative Technologies, Inc. 
Mass spectrometry was performed by the Department of Molecular Biology and 
Genetics, Cornell University. Thermo gravimetric analysis (TGA) was performed on a 
TA Instruments Q500 at a heating rate of 10 °C min-1 under N2. The Tg of materials 
were measured on a TA Instruments Q1000 modulated differential scanning 
calorimeter (DSC) at a heat/cool rate of 10°C min-1 under N2 for heat/cool/heat cycles.  
To a magnetically stirred solution of tert-butyl cholate[37] (1.00 g, 2.15 mmol) in 
CH2Cl2 (anhydrous, 15 cm3) were added pyridine (anhydrous, 1.2 g, 15 mmol), 4-
(dimethylamino)pyridine (0.079 g, 0.65 mmol) and 2-bromo-2-methylpropanoyl 
bromide (2.47 g, 10.8 mmol) in ice/water bath. The reaction mixture was stirred for 1 
h at 0˚C and kept overnight at room temperature. It was then poured into water (20 
cm3). The bottom layer was recovered, washed with water (20 cm3), dried over 
anhydrous MgSO4 and concentrated under reduced pressure. The resulting crude 
product was purified by flash column chromatography (silica gel, CH2Cl2) to give the 
ester tCHO-Br3 as a white amorphous solid (0.85 g, 43%); (Found: C, 52.8; H, 6.7. 
C40H63Br3O8 requires C, 52.7; H, 7.0); νmax(NaCl window)/cm-1 2973, 2942, 2871, 
1729, 1462, 1386, 1279, 1172, 1110, 1009, 905 and 733; δH (500 MHz; CDCl3) 0.78 
(3 H, s, CH3), 0.84 (3 H, d, J 6.5, CH3), 0.97 (3 H, s, CH3), 1.06-1.24 (3 H, m), 1.29-
1.42 (3 H, m), 1.44 [9 H, s, C(CH3)3], 1.51-1.82 (12 H, m), 1.85 [6 H, s, (CH3)2BrC], 
1.98 [3 H, s, (CH3)2BrC], 2.00 [6 H, s, (CH3)2BrC], 2.01 [3 H, s, (CH3)2BrC], 2.04-
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2.36 (6 H, m), 4.61-4.68 (1 H, m, CH2CHO), 5.02 (1 H, d, J 2.5, CH2CHO) and 5.18 
(1 H, s, CH2CHO); δC (126 MHz; CDCl3) 11.98, 17.52, 22.00, 23.02, 24.44, 25.83, 
27.17, 28.09, 28.58, 30.66, 30.70, 30.80, 30.84, 30.93, 30.95, 30.98, 31.16, 32.59, 
34.26, 34.35, 34.51, 34.84, 38.19, 40.31, 42.92, 45.25, 47.60, 56.11, 56.18, 56.26, 
72.80, 75.06, 80.03, 170.47, 170.56, 170.86 and 173.41; m/z (ES) 935.2 [(M+Na)+. 
C40H63Br3NaO8: requires M, 935.2]. 
 
3.2.2.2 Preparation of tert-Butyl Methacrylate Star Oligomer Homopolymers 
374mg (0.41mmol) of 2, 8.75g (61.55mmol) tBMA, 234.7mg (1.35mmol) 
PMDETA, 93.8mg (0.95mmol) CuCl and 54.6mg (0.41mmol) CuCl2 were stirred in 
90 mL of acetone under an inert atmosphere.  The solution was placed in a 60 °C oil 
bath for 2 hours. 
 Additional CuCl2 was added and the reaction quenched in cold water. The 
solution was concentrated under reduced pressure, taken up in dichloromethane and 
filtered through silicon powder to remove the copper catalyst. The solution was then 
concentrated under reduced pressure a second time, taken up in 1,4-dioxane and placed 
in 1000 Dalton dialysis tubing. Dialysis in one liter of 1,4-dioxane was performed 
overnight, twice. The contents of the dialysis tubing were concentrated under reduced 
pressure and precipitated into water/methanol. The precipitate was collected and 
freeze-dried to obtain star poly(tBMA) with a tert-butyl cholate core (PtBMA16)3. 
(Figure 3-2) 
Similar procedures were followed with 228mg (0.246mmol) GLU-Br5 and 240mg 
(0.154mmol) SAC-Br8 substituted for tCHO-Br3 to obtain star poly(tBMA) with a 
glucose core (PtBMA12)4 and star poly(tBMA) with a saccharose core (PtBMA10)5, 
respectively. (Figure 3-3 and Figure 3-4) 
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Figure 3-2. Reaction pathway towards three arm tert-butyl methacrylate star oligomers
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Figure 3-3. Reaction pathway towards four arm tert-butyl methacrylate star oligomers
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Figure 3-4. Reaction pathway towards five arm tert-butyl methacrylate star oligomers 
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3.2.2.3 Preparation of Star-Shaped Oligomer Copolymers 
Copolymers were achieved by reduction of homopolymers (Figure 3-5) and 
through copolymerization (Figure 3-6). 
Partial reduction of p(tBMA) resulted in a p(tBMA)-co-poly(2-methylprop-2-en-1-
ol) (MPO) copolymer. A solution of 0.6 g of star-shaped p(tBMA) oligomer in 6 mL 
anhydrous THF were stirred under an inert environment. 1.5 mL of 1 M LiAlH4 
solution (.45 equivalents) was added dropwise and stirred overnight. The solution was 
diluted with 50 mL ethyl acetate and washed with aqueous citric acid twice, then 
extracted with brine and dried over MgSO4, filtered and heated in a vacuum oven to 
obtain the pure product. 
A butyrolactone methacrylate (BLMA) was prepared according to a standard 
procedure[39] by dropping 2-methacryloyl chloride into an acetonitrile/dry ice cooled 
methylene chloride solution containing 3-hydroxy-4,4-dimethyldihydro-2(3H)-
furanone and triethylamine under an inert atmosphere. The solution was allowed to 
reach room temperature and stirred for 1 hour. The organics were extracted in ethyl 
acetate and purified by column chromatography with 3:1 hexanes:ethyl acetate eluent. 
Copolymerization with tBMA was carried out using the same procedure as the 
homopolymers, except with a 50/50 monomer feed ratio. 
 
3.2.3 Characterization 
The molecular weight of purified star-shaped oligomers were measured by size 
exclusion chromatography (SEC) performed on a Waters GPC system (Waters 486 
UV detector) by eluting THF (1 cm3 min-1) at 40°C with a linear polystyrene standard 
to determine relative molecular weight. 
SEC with a Wyatt DAWN HELEOS multiangle light scattering detector equipped 
with a 632.8 nm He-Ne laser (GPC/MALS) and Viscotek Model 250 viscosity detector  
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Figure 3-5. Reaction pathway towards p (tBMA)-co-p(MPO) star-shaped oligomers
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Figure 3-6. Reaction pathway towards p(tBMA)-co-p(BLMA) star-shaped oligomers 
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(GPC/viscosity) were used to determine the absolute molecular weights. THF was 
used as eluent at a flow rate of 1.0 mL/min: column set, 5 µm PSS SDV gel, 103, 105, 
and 106 Å, 30 cm each. For GPC/viscosity, the refractive index increment of the star 
oligomer solutions in THF at 25 °C were measured to individually for each star using a 
PSS DnDC-2010/620 differential refractometer. 
 
3.2.4 Lithographic Evaluation 
100 nm films were obtained through spincoating five weight percent solutions of 
polymer containing five weight percent photoacid generator (PAG) in propylene 
glycol methyl ether acetate at 2000 RPM onto a silicon wafer vapor primed with 
HMDS. The resulting films underwent a post-apply bake (PAB) for 60 seconds at 
105°C. Following thermal treatment the test patterns were exposed in the film at a 
range of doses, either under 365 nm UV using a GCA Autostep 200 DSW i-line step-
and-flash tool and a 100keV Leica VB6-HR electron beam tool. A post exposure bake 
(PEB) for 30 seconds was followed by development in an isopropanol/water solution 
to reveal the test patterns. The test patterns were examined under an optical 
microscope. Fine features were examined by sputtered with a thin film of Gold / 
Palladium using a Hummer Au/Pd Sputtering System and placing the sample in a LEO 
1550 Field Emission Scanning Electron Microscope (SEM) operated at 1.5 kV. 
 
3.2.5 Dry Etch Durability 
Thin films were obtained through spincoating. 15 weight percent solutions of stars 
in ethyl L-lactate were prepared and the solutions spun on unprimed silicon wafers. 15 
weight percent solutions of the initiators tCHO-Br3 and SAC-Br8 in toluene and a 15 
weight percent solution of initiator GLU-Br5 in acetone/toluene 95/5 were prepared 
and spincoated on HMDS primed silicon wafers. A 15 weight percent solution of 8 
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kg/mol poly(hydroxystyrene) (PHOST) from Sigma-Aldrich in propylene glycol 
methyl ether acetate was prepared and the solution spun onto an unprimed silicon 
wafer as a control. A 15 weight percent solution of poly(tBMA) from Polysciences, 
Inc. in ethyl L-lactate was prepared and the solution spun on an unprimed silicon 
wafer. 
A CF4 RIE was performed on each sample for 1 minute using an Oxford 
PlasmaLab 80Plus RIE tool. Each sample was etched with a PHOST control and the 
film thicknesses of the sample and control were measured before and after etching 
using profilometry to determine the etch rate relative to the PHOST control. Following 
these measurements the multifunctional initiator thin film samples were tested with a 
General Area Detector Diffraction System (GADDS) to verify that crystallization had 
not occurred during the experiment. 
 
3.3 Results and Discussion 
The commercial application of polymer photoresists requires a synthetic procedure 
capable of achieving target molecular weights (typically < 10kg/mol) with a high 
degree of reproducibility between polymer batches. Introducing the star-shaped 
polymer architecture for this application necessitates similar overall molecular 
weights. For a five-arm star, the average arm length must be limited to less than 2 
kg/mol, or several monomer units for conventional monomers used in the synthesis of 
photoresists. This requirement creates procedural challenges that must be overcome to 
reliably synthesize the target molecules. Large deviation from the target arm length 
between batches will be introduced to the star oligomer if monomer additions occur at 
a rate greater than the temporal precision in which a reaction can be reliably initiated, 
carried out and quenched. It is imperative that monomer additions per chain end occur 
on a time scale no less than one addition every few minutes. Having recently 
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pioneered a technique for reproducibly synthesizing star-shaped oligomers, it is now 
possible to conduct a lithographic investigation. 
A basic series of three star-shaped oligomers were synthesized by polymerizing 
from each multifunctional initiator for 2 hours. The quantity of dn/dc was measured 
for each star-shaped oligomer and was found to be dependent on the core material. 
This enabled the determination of absolute molecular weight. (Table 3-1 and Table    
3-2) The ratio of monomer to initiating site was held constant for each reaction. 
However, differences between the multifunctional initiators’ solubility and initiation 
efficiency led to slight differences in the average arm length. 
Initiation efficiency was determined by comparing theoretical degree of 
polymerization from conversion data to the degree of polymerization determined from 
the absolute molecular weight. Steric hindrances are known to limit initiation 
efficiency for stars.[40] Both the GLU-Br8 and SAC-Br5 initiator were found to have 
initiation efficiencies close to 85%, resulting in median stars of 4 and 7 arms 
respectively. The initiator tCHO-Br3, which only has three initiating sites, was found 
to provide more efficient initiation presumably as a result of its lower steric hindrance. 
 
3.3.1 Lithographic Evaluation of Star-Shaped Oligomer Homopolymers 
The non-polarity of poly(tBMA) resulted in a film that adhered poorly to the 
silicon substrate. Poly(tBMA) homopolymer contains only a non-polar acid labile 
monomer, whereas commercial photoresists contain additional monomer species, 
including a polar monomer that acts as an adhesion promoter. The lack of an adhesion 
promoter led to inconsistent film quality. However, uniform films were achieved 
through repeated spincoating attempts. 
The lack of a polar monomer species also proved to be a challenge during the 
development step. Regardless of exposure dose, the poly(tBMA) homopolymers  
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Table 3-1. Relative molecular weight 
 
  
    GPCb 
entry initiator timea Mn (g/mol) Mw/Mn
(PtBMA16)3 tCHO-Br3 120 6 400 1.3
(PtBMA12)4 GLU-Br5 120 5 700 1.3
(PtBMA10)7 SAC-Br8 120 9 700 1.3
aReaction time in min bSEC using differential refractive index detection vs linear 
polystyrene standards. 
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Table 3-2. Absolute molecular weight 
 
  GPC/MALS, viscosity 
entry  Mn,abs
(g/mol)
Mw/Mn [η]c dn/dcd
(PtBMA16)3  7 600 1.10 6.4 0.083
(PtBMA12)4  8 200 1.08 4.4 0.064
(PtBMA10)7  11 200 1.10 6.1 0.078
cIn mL/g, integrated from the curve of [η]xMW vs elution volume. dIn mL/g, from the 
curve of Δn vs. concentration. 
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remained insoluble in 0.26N TMAH. The number of chemical switches required to 
render the poly(tBMA) homopolymers soluble in 0.26N TMAH could not be achieved 
with standard PAG concentrations and bake times. High-resolution features were 
achieved by developing in a solution of isopropanol and water. (Figure 3-7) 
 
3.3.2 Lithographic Evaluation of Star-Shaped Oligomer Variants 
Demonstrating that star-shaped oligomers can be base developable is an important 
goal, not only because of the prevalence of base developer throughout the 
semiconductor industry but also because the capability to reduce the expansion of 
polyelectrolyte stars might be advantageous to the lithographic process.[29] 
Four modified star-shaped oligomers (Table 3-3) were investigated to determine 
whether the core or the arms were more important in the base development process. 
Larger versions of the stars initiated from tCHO-Br3 and SAC-Br8 were examined to 
determine if increasing the arm:core ratio could improve base development. Both 
materials were lithographically tested and, similar to their shorter arm counterparts, 
patterns could not be achieved through base development alone. This suggested that 
the strongly non-polar character of the poly(tBMA) homopolymer arms were 
hindering base development. 
 (PtBMA16)3 was partially reduced via LiAlH4 to (P(tBMA-co-PMO)16)3 
increasing the polarity of the star-shaped oligomer’s arms. This modification 
successfully enabled base development in 0.26N TMAH at five weight percent PAG 
loading in the thin film. (Figure 3-8) Core integrity was verified by measuring the 
molecular weight before and after reduction.  
A separate star-oligomer with increased polarity was directly polymerized from the 
SAC-Br8 initiator using a 50/50 feed ratio of tBMA and a BLMA monomer. Base  
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Figure 3-7.  SEM of 100 nm half-pitch line spaces test pattern achieved with 
(PtBMA10)7. Pattern exposed at 74.3µC/cm2 with e-beam. 125°C PEB and developed 
for 1 min in 2:1 isopropanol:water to reveal positive-tone patterns.  
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Table 3-3. Star-Shaped Oligomer Variants 
  
Entry Core Preparation
(PtBMA21)3 tCHO-Br3 400 min polymerization
(PtBMA25)7 SAC-Br8 400 min polymerization
(P(tBMA-co-PMO)16)3 tCHO-Br3 Partial reduction
(P(tBMA-co-BLMA)10)7 SAC-Br8 Copolymerization
 121 
 
 
 
 
 
 
 
Figure 3-8. Optical micrograph of patterns achieved with (P(tBMA-co-PM)16)3. 
3400mJ/cm2 exposure dose with 365 nm wavelength. PEB for one minute at 125 °C 
and developed in 0.26N TMAH for five minutes to reveal positive tone patterns.
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development was also achieved with this star-oligomer, but only after extended 
development times. (Figure 3-9) 
It is important to note that these materials are not indicative of the ultimate 
resolution capabilities for star-shaped oligomer resists. They successfully demonstrate 
that the core does not inhibit base development when the polymeric arms are 
sufficiently polar. Current work focuses on preparing star-shaped oligomers with arm 
compositions that are similar to high resolution photoresists targeted at the ArF 
platform. With such materials, it is possible to make a comparitive study between the 
resolution and roughness capabilities of linear and star architecture photoresists.[41] 
 
3.3.3 Dry Etch Durability Characteristics of Star Oligomers 
Investigating the impact of the multifunctional initiator core on dry etch durability 
necessitated measuring the etch rate of each core. Uniform films were achieved with 
tCHO-Br3 and SAC-Br8 by spincoating in toluene. GADDS was used to confirm the 
amorphous character of the films. The core GLU-Br5 could not be spincoated from 
toluene but a uniform film was achieved by spincoating from acetone. However, a 
crystalline ring was observed in the GADDS pattern of the GLU-Br5 film. It was 
hypothesized that a small quantity of residual toluene was present in the films of 
tCHO-Br3 and SAC-Br8 that was responsible for inhibiting crystallization. Therefore, 
a solution of acetone containing five percent toluene was used to spincoat GLU-Br5, 
resulting in a uniform film that was confirmed to be amorphous by GADDS. 
The dry etch rates relative to a poly(hydroxystyrene) (PHOST) standard for stars 
(PtBMA16)3, (PtBMA12)4 and (PtBMA10)7 are compared in Table 3-4. The weight 
ratio of the core to arms is similar for all three star-shaped oligomers. The etch rate of 
all star samples was better than poly(tBMA), which was measured to have an etch rate 
of 2.3 relative to PHOST. This result was significant because only tCHO-Br3 had a 
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Figure 3-9. SEM of patterns achieved with (P(tBMA-co-BLMA)10)7. 163µC/cm2 
exposure dose with e-beam. PEB for one minute at 125 °C and developed in 0.26N 
TMAH for 1 hour to reveal positive tone patterns.  
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Table 3-4. Etch rates of stars and initiators 
 
  
Star Oligomer Vmeasa Vinitb ΘtBMAc Vtheord
(PtBMA16)3 1.8 1.4 88% 2.2
(PtBMA12)4 2.3 3.4 89% 2.4
(PtBMA10)7 1.9 2.4 86% 2.3
aThe etch rate of the sample relative to PHOST. bThe etch rate relative to PHOST of a 
film composed entirely of the sample’s core. cThe weight percent of the sample’s 
poly(tBMA) arms. dTheoretical etch rate calculated by Vtheor=VtBMA*ΘtBMA+V+*(1- 
ΘtBMA) where VtBMA=2.3. 
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slower etch rate than poly(tBMA), suggesting that the core can only improve, not 
diminish etch durability. 
The etch rate of star (PtBMA12)4, which was synthesized from the multifunctional 
initiator with the fastest etch rate, was measured to be the same as poly(tBMA). This 
result compares with previous reports that aromatic and alicyclic components can 
quench energy over a distance of several monomer units, reducing the effect of less 
durable, minor components.[42-44] The etch rate of star (PtBMA10)7, which had a 
multifunctional initiator with an etch rate similar to poly(tBMA), exhibited a reduction 
in etch rate. Crosslinks are known to improve etch durability[45] and theoretical models 
exist that treat the branching point of stars as crosslinks.[46]  
Although star (PtBMA16)3 possesses the fewest number of arms it demonstrates 
the slowest etch rate due to the presence of a durable core. Blends and copolymers are 
known to have slower etch rates than the linear combination of their individual 
components.[45] Despite this, linear approximations, such as the Ohnishi parameter[47] 
and ring parameter[48] are widely used because their predictions are reasonably 
accurate. Star (PtBMA16)3 is unusual, not because its etch rate is below the theoretical 
value calculated from the linear relationship of its two components, but because of the 
magnitude of the improvement. While the more durable core is the minor component 
of star (PtBMA16)3, the molecule etches as if the core were the major component. 
There is a fivefold increase in the effective contribution of tCHO-Br3 on etch 
behavior. 
Increasing the significance of this observation, the spin solvent used to test star 
(PtBMA16)3 was a non-solvent for tCHO-Br3. It has been reported that using a spin 
solvent that is a non-solvent for the more durable component will cause segregation of 
the durable component in the film, lessening the energy quenching effect and 
adversely impacting the film’s etch durability.[49] In star (PtBMA16)3, the arms were 
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on average 16 monomer units long, preventing segregation on a scale beyond the 
energy quenching radius of the core. As a result, star (PtBMA16)3 displays robust etch 
durability with regard to selection of spin solvent. As further evidence, the etch 
durability of star (PtBMA21)3 was also measured, and both materials compared to the 
theoretical etch rate. (Figure 3-10) This suggests that durable cores act as highly 
efficient etch resistance additives for star oligomers. 
 
3.4 Conclusions 
A procedure for reliably synthesizing star oligomer poly(tBMA) from SAC-Br8 
was extended to the multifunctional initiators tCHO-Br3 and GLU-Br5. This 
produced a series of star-shaped oligomers with 3, 4 and 7 arms as well as significant 
differences in the relative etch rates of the cores and poly(tBMA) arms. Patterns were 
obtained by development in an isopropanol and water solution. However, patterning of 
the poly(tBMA) homopolymers could not be achieved with base developer. Two 
techniques, the partial reduction of the star oligomers and copolymerization with 
BLMA, were successfully employed to modify the solubility of the star-oligomers, 
allowing for base development. Additionally, the star-shaped oligomers were observed 
to have a potential advantage over linear materials. (PtBMA16)3 exhibited improved 
etch durability as a result of the higher etch durability of its core. As the core was 
covalently bonded, segregation of the components could not occur, leading to a highly 
efficient etch additive. This new strategy for synthesizing photoresist materials will be 
extended to produce stars with a similar composition to high resolution photoresists, 
which may lead to additional performance improvements as a result of the star 
architecture. 
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Figure 3-10.  Etch rate relative to PHOST for stars (PtBMA16)3, (PtBMA21)3, tCHO-
Br3 and poly(tBMA) plotted by tBMA composition. Dashed line calculated from 
theoretical etch rate.  
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4.0 ABSTRACT 
A series of star-shaped oligomer terpolymers consisting of a saccharose core and 
α-gamma butyrolactone methacrylate (GBLMA), methyl adamantyl methacrylate 
(MAMA) and hydroxyl adamantyl methacrylate (HAMA) were prepared via core-first 
atom transfer radical polymerization (ATRP). The initiator synthesis was modified to 
reduce the functionality of the multifunctional initiator, enabling the preparation of 
star oligomers with the same core but different numbers of arms. MAMA 
homopolymers were synthesized as model materials to determine the initiation 
efficiency. From this information, the ratio of monomer to initiator was modified to 
prepare a series of star-shaped oligomer terpolymers with increasing arm size at the 
same conversion. The quantity of solvent and the initial Cu(I):Cu(II) ratio were 
modified to reduce the reaction rate so NMR aliquots could be examined throughout 
the reaction to monitor the rate of conversion. Star-shaped oligomers with average arm 
lengths as short as 3 monomer units were ultimately achieved. Finally, the capability 
to combine these techniques to produce star-shaped oligomers with arbitrary arm 
number and length is demonstrated by the synthesis of three terpolymers, one linear 
control and two stars with overall number average degree of polymerization (ܦܲതതതത௡) of 
twenty monomer units. 
 
4.1 Introduction 
Star-shaped polymers, which consist of multiple linear polymer arms covalently 
attached to a central core, have attracted interest in numerous fields due to unique 
properties that can be achieved by varying the number of arms.[1-3] When a star-shaped 
polymer has very few arms, the material behaves similar to a linear chain. However, as 
the number of arms increases, the capability of the arms to interact with neighboring 
molecules decreases, in essence trading intermolecular for intramolecular interactions, 
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leading to their description as “ultrasoft colloids.”[2] In this regime, star-shaped 
polymers possess properties significantly altered from their linear counterparts. This 
has led to stars being used for a range of applications including viscosity index 
modifiers in oil,[4] oxygen permeability and hardness enhancers in contact lenses,[5] 
and as additives in coatings, binder in toner and as an encapsulation material for 
pharmaceuticals.[6, 7] The star-shaped polymer architecture continues to be the focus of 
both theoretical and experimental studies, which explore the relationship between 
architecture and thermodynamics, osmotic pressure, molecular size, rheology and 
polyelectrolyte behavior.[8-13] 
There are many areas where the unique properties of the star-shaped architecture 
could prove beneficial, such as conjugates for drug delivery,[14] nanoparticle dispersion 
stabilizers,[15] cosmetic dyes,[16] photoresists[17-19] and in vivo sensors.[20] A common 
factor among these applications is the necessity for low molecular weight materials. 
However, knowledge of the star-shaped polymer architecture is fundamentally limited 
in the low molecular weight regime. As early as the Daoud-Cotton blob model, 
assumptions in theoretical studies have been made that treat the core region as 
negligible.[1, 2] Experimentally, the synthesis of low molecular weight star-shaped 
polymers is more challenging than that of low molecular weight linear polymers due to 
the inverse relationship between functionality and the molecular weight of each 
arm.[21] 
ATRP[22, 23] is a versatile polymerization technique that has been used to synthesize 
polymers as simple as linear acrylates and methacrylates,[24-26] to more complex 
cylindrical brushes,[27, 28] hyperbranched[29, 30] and star polymers,[31-37] and even highly 
specialized architectures such as pearl necklaces.[38] Using ATRP, we have previously 
demonstrated the capability to produce star-shaped oligomers comprised of poly(tert-
butyl methacrylate) (tBMA) homopolymers arms and tert-butyl cholate, glucose and 
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saccharose cores.[19, 21, 39] In this chapter, we address two key challenges facing the 
preparation of star-shaped oligomers: the preparation of random co-oligomers and the 
ability to produce star-shaped oligomers with different numbers of arms without 
changing the core. (Figure 4-1) 
While conversion was previously utilized as a process variable, here it is replaced 
by the Cu(I) : Cu(II) and monomer : initiator ratios. This allows stars with different 
arm lengths to be prepared at the same conversions, a critical requirement for studying 
the impact of molecular weight on copolymers. Excepting the unique case of monomer 
feeds with the same reactivity, preparing random copolymers at different conversions 
yields different compositions.[40] By targeting a constant conversion, one can produce 
random copolymers with identical compositions at different molecular weights. This 
achievement enables a far greater range of materials to be studied as star-shaped 
oligomers. In addition, the quantity of wasted monomer is reduced as the smallest star-
oligomers can now be synthesized at higher conversions. 
 Our prior work has demonstrated that the core can contribute significantly towards 
the properties of star-shaped oligomers.[19] This is substantially different than in the 
case of star-shaped polymers, where the core is generally considered to be negligible 
aside from its relationship to the material’s number of arms. For high molecular 
weight star-shaped polymers, series of materials with different numbers of arms are 
synthesized from different cores. A similar scheme cannot be applied to the study of 
star-shaped oligomers with different numbers of arms, as the effect of core and arm 
number cannot be readily distinguished. Therefore, we introduce a procedure for 
preparing multifunctional initiators with different functionality from the same core. 
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Figure 4-1. Graphical depiction of two star-shaped poly(GBLMA-co-MAMA-co-
HAMA) oligomers with 20 degree of polymerization and saccharose cores but 
different numbers of arms, corresponding to representative molecules for the samples 
(a) ((GcMcH)3.6)5.5 and (b) ((GcMcH)3.1)6.4. The core and monomer units are 
represented by spheres with volumes equal to the molecular weight of the 
multifunctional initiators (excluding bromine) and the number average molecular 
weight of the monomers.  
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4.2 Experimental 
 
4.2.1 Materials 
2-bromoisobutyryl bromide, propionyl bromide, 4-(dimethylamino)pyridine, 
anhydrous pyridine, CH2Cl2 CuCl, CuCl2, D(+)-Saccharose and N,N,N’,N”,N”- 
pentamethyl-diethylenetriamine (PMDETA), 4-(N,N-dimethylamino)-pyridine were 
purchased from Aldrich and prepared according to standard procedures. HAMA and 
MAMA were purchased from Idemitsu Chemicals. GBLMA was purchased from 
Kuraray. MAMA was passed through a basic alumina column to remove inhibitor. 
HAMA and GBLMA were used as received. 
The GBLMA-co-MAMA-co-HAMA (GcMcH) statistical terpolymers prepared in 
this chapter are named for their architecture: ((GcMcH)n)f) where n is the number 
average of monomer units per arm and f is the number average of arms per molecule. 
 
4.2.2 Synthesis 
 
4.2.2.1 Preparation of Multifunctional Initiators 
The core-first[41] approach and ATRP were selected to synthesize star-shaped 
oligomers. 2,3,4,6,1’,3’,4’,6’-octa-O-(2-bromoisobutyryl)-saccharose (SAC-Br8), 
which has eight initiating sites, was prepared from saccharose as previously 
published.[13] 
A modified version multifunctional initiator with fewer initiating sites (SAC-Br5.7) 
was prepared by substituting the 2-bromoisobutyryl bromide with a 50/50 solution of 
2-bromoisobutyryl bromide and propionyl bromide. D(+)-Saccharose was dehydrated 
in a vacuum oven at 80 °C for 1 hour prior to 14.31 g, (41.8 mmol) D(+)-Saccharose 
being stirred in a solution of 550 mL chloroform and 265 mL pyridine with 4-(N,N-
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dimethylamino)-pyridine in catalytic quantities under nitrogen. The solution was 
cooled with ice and 76.89  g (334.4 mmol) 2-bromoisobutyryl bromide and 45.81 g 
(334.4 mmol) propionyl bromide were added from a dropping funnel over a period of 
3 hours. The solution was brought to room temperature and stirred overnight before 
undergoing reflux at 75 °C for 3 hours. The solution was diluted with diethyl ether 
until it became less dense than water and the pyridinium bromide removed by repeated 
extraction with water, NaHCO3 and NaOH. The organic phase was dried over Na2SO4 
and concentrated, taken-up in 1,4-dioxane and freeze dried to obtain a solid mixture of 
products corresponding to a Saccharose based multifunctional initiator with an average 
of 5.7 initiating sites. (21 g, 40%) (Figure 4-2) 
Eight site Saccharose-based initiator SAC-Br8: M(+Li+) = 1541 g·mol-1 by 
MALDI-TOF MS (DHB:LiCl:initiator 10:1:1). Reduced site Saccharose-based 
initiator SAC-Br5.7 M(+Li+) = 1106 (10%), 1199 (31%), 1292 (39%), 1385 (20%) 
g·mol-1 by MALDI-TOF MS (DHB:LiCl: initiator 10:1:1). 
 
4.2.2.2 Preparation of Star Oligomer Terpolymers 
A previous procedure for the preparation of star poly(tert-butylmethacrylate) by 
ATRP was modified as follows: 3.563 g (2.82 mmol) SAC-Br5.7, 8.75 g (51.4 mmol) 
GBLMA, 12.15 g (51.9 mmol) MAMA, 5.290 g (22.4 mmol) HAMA, 0.177g (1.79 
mmol) CuCl and 1.922 g (14.3 mmol) CuCl2 were stirred in 62 g of anisole under an 
inert atmosphere.  The solution was heated in a 60 °C oil bath before 2.79 g (16.1 
mmol) PMDETA was added at time t=0. 
Aliquots were removed throughout the reaction and diluted in CDCl3 to monitor 
the conversion of monomer with 1H-NMR. Peak integration was performed on the 
vinyl peaks of GBLMA, MAMA, HAMA that occurred at 6.254ppm, 6.109ppm and 
6.060ppm, respectively and calibrated to the integration of the anisole peak at 3.780.  
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Figure 4-2. Reaction pathway toward saccharose based initiator with reduced 
functionality.   
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The logarithmic relationship between conversion and polymerization time was used to 
determine the end time for 45% conversion at 3 hours. (Equation 4-1)[42-44] 
 
 ln ቀ[M]0[M]t ቁ =
kpKATRP[PmX]ൣCuI൧
ൣCuII൧ t   Equation 4-1 
 
At the calculated end time, a final aliquot was removed to verify the final 
conversion and the reaction was quenched in liquid nitrogen. Copper catalyst was 
removed via filtration through silica. The solution was concentrated under reduced 
pressure while being heated to 70 °C and precipitated in methanol. Following gravity 
filtration, the resulting powder was taken up in 1,4-dioxane and freeze dried to obtain 
the star-shaped poly(GcMcH) oligomers as a white amorphous solid. (5.66 g, 38%) 
Similar procedures were followed with reactant ratios and polymerization times 
modified to achieve samples with different arm lengths. (Figure 4-3) 
 
4.2.3 Characterization 
The molecular weight of star oligomers was measured by size exclusion 
chromatography (SEC) performed on a Waters GPC system (Waters 486 UV detector) 
by eluting THF (1 cm3 min-1) at 40°C with a linear polystyrene standard to determine 
relative molecular weight. 
SEC with a Wyatt DAWN HELEOS multiangle light scattering detector equipped 
with a 632.8 nm He-Ne laser (GPC/MALS) and Viscotek Model 250 viscosity 
detector (GPC/viscosity) were used to determine the absolute molecular weights of 
MAMA star-shaped oligomers. THF was used as eluent at a flow rate of 1.0 mL/min: 
column set, 5 µm PSS SDV gel, 103, 105, and 106 Å, 30 cm each. For GPC/viscosity, 
the refractive index increment of the star oligomer solutions in THF at 25 °C were
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measured using a PSS DnDC-2010/620 differential refractometer. 
 
4.3 Results and Discussion 
In order to enable the study of scaling behavior in star-shaped oligomers for a wide 
range of materials, techniques to reproducibly prepare star-shaped oligomers with 
identical arm compositions but differing arm number and length must be achieved. 
 
4.3.1 Feed Ratios 
For this study a composition of 50% GBLMA, 30% MAMA and 20% HAMA was 
targeted due to its potential applications.[42] Through repeated experimentation, a feed 
of 41% GBLMA, 41% MAMA and 18% HAMA was found to achieve the target 
composition. Composition throughout the polymerization was monitored by observing 
the vinyl peaks, which corresponded to each monomer, diminish with conversion in 
1H-NMR. (Figure 4-4) Excepting the start of the reaction, during which monomer 
conversion occurred closer to a stochiometric ratio, the composition of the growing 
polymer remained close to the target composition. Conversion progressed 
logarithmically with time and no recombination peak was visible in the GPC trace of 
the final material. (Mw/Mn=1.06) Extrapolation indicated a 50% GBLMA, 30% 
MAMA and 20% HAMA composition was achieved at 45% conversion. Moving 
forward, this conversion was targeted for all reported materials. 
 
4.3.2 Multifunctional Initiator Analysis 
The composition of the multifunctional initiators was analyzed by MALDI-TOF 
mass spectrometry (MS) to determine the number of initiating sites per initiator 
molecule. SAC-Br5.7 is not a single initiator, but rather a mixture of initiators, each 
with different functionality. Saccharose contains eight possible reaction sites for 2- 
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Figure 4-4. Composition evolution with time study. GBLMA (●), MAMA (■) and 
HAMA (▲) composition are plotted with overall conversion (X).  
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bromoisobutyryl bromide and propionyl bromide. No attempt was made to isolate 
specific initiators as the number of arms in a star-shaped polymer is generally a 
statistical average. 
Masses were tabulated for all possible configurations of reaction products, where 
the number of sites reacted with 2-bromoisobutyryl bromide plus the number of sites 
reacted with propionyl bromide plus the number of unreacted sites must equal eight. 
The four peaks observed in the MALDI-TOF spectrum occurred at 1106, 1199, 1292 
and 1385 g/mol. (Table 4-1) Each of these molecular weights corresponds to a unique 
configuration of 2-bromoisobutyryl, propionyl and unreacted sites: (4,3,1), (5,2,1), 
(6,1,1) and (7,0,1), respectively. In every case the molecule contained one unreacted 
site. Accounting for the differing signal strengths, a mean of 5.7 bromines (or 
initiating sites) is found for the initiator SAC-Br5.7. This indicates that the propionyl 
bromide is less reactive than 2-bromoisobutyryl bromide. 
 
4.3.3 Efficiency of Multifunctional Initiators 
Characterizing the number of initiating sites per multifunctional initiator is 
insufficient to predict the number of arms in stars polymerized from it. An additional 
knowledge of initiation efficiency is requires as steric hindrances can prevent some 
sites from initiating.[43] Initiation efficiency (Ieff) can be measured from conversion and 
number average absolute molecular weight. [See Equation 4-2] Obtaining the absolute 
molecular weight of a copolymer from GPC/MALS is difficult due to compositional 
fluctuations impacting the dn/dc measurement. Therefore, MAMA homopolymers 
were prepared from the multifunctional initiators SAC-Br8 and SAC-Br5.7 to measure 
the initiation efficiency. (Table 4-2, Table 4-3 and Table 4-4) 
 
 Ieff=
Mn,abs
MWmonomer
൬∆[M]
[I]0
൰
-1
   Equation 4-2 
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Table 4-1. MALDI-TOF MS summary for SAC-Br5.7. 
  
MW (g/mol) signal intensitya composition Brb
1 106 384 10% 4
1 199 1 135 31% 5
1 292 1 439 39% 6
1 385 723 20% 7
aStrength of integrated MALDI-TOF peak. bNumber of brominated initiating sites 
determined by tabulation of molecular weight for all possible combinations of 
unreacted sites, sites reacted with 2-bromoisobutyryl bromide and sites reacted with 
propionyl bromide. 
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Table 4-2. Star-shaped MAMA oligomer preparation 
 
 
 
  
initiator [M]0:[I]0:[PMDETA]:[Cu1+]0:[Cu2+]0 [I]0 (mmol/L) time (min)
SAC-Br8 47.8 : 1.00 : 5.33 : 0.32 : 5.02 24.8 53
SAC-Br5.7 44.7 : 1.00 : 3.98 : 0.44 : 3.54 28.4 95
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Table 4-3. Star-shaped MAMA oligomer characterization 
 
 
 
  
initiator conva DPതതതതn,theorb dn/dcc (ml/g) Mn,absc (g/mol) 
SAC-Br8 39.4% 18.7 0.1189 ±0.0032 5 000
SAC-Br5.7 48.0% 21.3 0.1360 ±0.0026 6 100
aConversion measured by 1H-NMR peak integration. bTheoretical degree of 
polymerization calculated by DPതതതതn = ൫∆[M]/([I]0൯. cAbsolute molecular weight 
measured by GPC/MALS. 
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Table 4-4. Star-shaped MAMA oligomer initiator efficiency and functionality 
 
  
initiator Mw/Mnc DPതതതതn,absd Ieffe favgf
SAC-Br8 1.05 14.9 80% 6.4
SAC-Br5.7 1.10 20.7 97% 5.5
. cAbsolute molecular weight measured by GPC/MALS. dAbsolute degree of 
polymerization calculated by DPതതതതn=൫Mn,abs-MWinit൯/MWMAMA. eInitiator efficiency 
calculated by Ieff=ሺDPതതതതn,abs/DPതതതതn,theorሻ. fAverage number of arms calculated by 
favg=Bravg·Ieff. 
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The star-shaped MAMA oligomers yielded initiation efficiencies of 80% and 97% 
for SAC-Br8 and SAC-Br5.7, respectively. This led to stars with an average number of 
arms (favg) of 6.4 and 5.5. This sharp difference in initiation efficiency can be 
attributed to the unreacted site and sites reacted with propionyl bromide decreasing the 
density of initiation sites. As a result, steric hindrances were insufficient to prevent 
initiation at most sites. 
It is worth noting that we had previously measured the initiation efficiency of 
SAC-Br8 with a poly(tBMA) star-shaped oligomer at 85%, resulting in an favg of 
6.8.[21] MAMA is a bulkier monomer than tBMA, resulting in greater steric hindrance, 
which explains the lower initiation efficiency and fewer number of arms measured 
with the MAMA star. As substituting tBMA for MAMA only results in a 5% 
difference in initiating efficiencies, the GBLMA and HAMA monomers used in the 
terpolymer with MAMA should have a negligible impact on initiation efficiency as 
their bulkiness is similar to that of MAMA.  
 
4.3.4 ATRP Synthesis of Star-Shaped Oligomers with Modified Arm Lengths 
Three star-shaped oligomers, with average arm lengths around 4, 8 and 16 
monomer units, were targeted to demonstrate the capability of achieving star-shaped 
oligomer terpolymers of different arm lengths at the same conversion. The ratio of 
monomer to initiator was adjusted to yield the desired length when the polymerization 
approached 45% conversion. Since the reaction time decreases sharply when 
synthesizing shorter molecules, the ratio of Cu(I) to Cu(II) was decreased for the 
reactions targeting shorter arms. (Table 4-5 and Table 4-6) Conversions between 40 
and 45 percent were achieved for all three reactions by tracking conversion during the 
reaction with 1H-NMR. Analysis of the final aliquots yielded an overall composition 
of ( 51% / 30% / 19% ), ( 50% / 30% / 20% ) and ( 50% / 31% / 19% ) ( GBLMA /  
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Table 4-5. Preparation of ter-oligomers initiated from SAC-Br8 
 
 
 
 
 
 
  
Entry [M]0:[I]0:[PMDETA]:[Cu1+]0:[Cu2+]0 [I]0 (mmol/L) time (min)
((GcMcH)16.3)6.4 237 : 1.00 : 8.00 : 4.00 : 4.00 9.0 124
((GcMcH)7.8)6.4 119 : 1.00 : 8.00 : 1.60 : 6.40 17.4 105
((GcMcH)4.1)6.4 59.3 : 1.00 : 8.00 : 1.60 : 6.40 32.5 27
 153 
 
 
 
 
 
 
 
 
 
Table 4-6. Ter-oligomers initiated from SAC-Br8 characterization 
 
  
Entry conva DPതതതതnb DPതതതതn,armc
((GcMcH)16.3)6.4 43.9 104 16.3
((GcMcH)7.8)6.4 42.0 50.0 7.8
((GcMcH)4.1)6.4 44.3 26.3 4.1
aConversion measured by 1H-NMR peak integration. bDegree of polymerization 
calculated by DPതതതതn = ൫∆[M]/([I]0൯. cArm degree of polymerization calculated by 
DPതതതതn,arm = DPതതതതn/favg. 
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MAMA / HAMA ) for ((GcMcH)16.3)6.4, ((GcMcH)7.8)6.4 and ((GcMcH)4.1)6.4, 
respectively. This successfully demonstrates this technique’s strength at preparing 
copolymers of diverse length, with the same composition. 
Examining all of the star-shaped oligomers synthesized from SAC-Br8, one can 
learn to predict the polymerization time. Conversion index [See Equation 4-1][44-46] 
describes a logarithmic relationship between the conversion of monomer and 
polymerization time. By normalizing the conversion index with reaction quantities that 
are proportional to the remaining terms [See Equation 4-3], all three reactions can be 
shown to follow the same kinetics. (Figure 4-5) This information can then be used to 
predict how changing each reaction condition will impact the polymerization time 
required to achieve 45% conversion. 
 
 ln ቀ[M]0[M]t ቁ · ൬
ൣCu2+൧0
ൣCu1+൧0[I]0
൰ · ൬[M]0
[I]0
൰ ~t  Equation 4-3 
 
4.3.5 ATRP Synthesis of Star-Shaped Oligomers with Modified Arm Numbers 
Two star-shaped oligomers and a linear control were prepared with target ܦܲതതതത௡=20. 
(Table 4-7 and Table 4-8) This resulted in three oligomeric materials with the same 
monomer compositions but different architectures. (Figure 4-6) We anticipate that 
series similar to this one can be used to gain insight into the impact of architecture at 
low molecular weights for a variety of properties and applications. 
The technique’s reproducibility can be evaluated through a comparison of the 
evolution of conversion with time for (GcMcH)3.1)6.4 against the predicted value from 
the previous polymerization using the SAC-Br8 initiator. A plot of the normalized 
conversion index results in a slope that is 5.7% lower than the predicted value. (Figure 
4-7) This translates into a five minute error. This error can be successfully eliminated  
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Figure 4-5. Plot of the normalized conversion index versus polymerization time for 
((GcMcH)16.3)6.4 (●), ((GcMcH)7.8)6.4 (■) and ((GcMcH)4.1)6.4 (▲). Trendline is 
calculated from the combined data set resulting in a slope of 0.142 L·mmol-1·min-1.
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Figure 4-6. A composite plot of composition and conversion for all samples 
demonstrates equivalent composition between architectures.  
 157 
 
 
 
 
 
 
 
 
 
 
Table 4-7. Reactants for ter-oligomers with twenty overall degree of polymerization 
 
 
 
 
 
  
Entry Initiator [M]0:[I]0:[PMDETA]:[Cu1+]0:[Cu2+]0
(GcMcH)19.2 (CH3)2CBrCOOCH2CH3 44.5 : 1.00 : 1.00 : 0.50 : 0.50
((GcMcH)3.6)5.5 SAC-Br5.7 44.5 : 1.00 : 5.70 : 0.63 : 5.07
((GcMcH)3.1)6.4 SAC-Br8 44.5 : 1.00 : 8.00 : 0.47 : 7.53
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Table 4-8. Ter-ologimers with twenty overall degree of polymerization 
characterization 
 
 
 
  
Entry [I]0 (mmol/L) time (min) conva DPതതതതnb DPതതതതn,armc
(GcMcH)19.2 39.5 59 43.2% 19.2 16.3
((GcMcH)3.6)5.5 32.9 180 44.5% 19.8 7.8
((GcMcH)3.1)6.4 31.4 100 44.7% 19.9 4.1
aConversion measured by 1H-NMR peak integration. bDegree of polymerization 
calculated by DPതതതതn = ൫∆[M]/([I]0൯. cArm degree of polymerization calculated by 
DPതതതതn,arm = DPതതതതn/favg. 
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Figure 4-7. Plot of normalized conversion index versus time for ((GcMcH)3.1)6.4 (●). 
Trendline (dashed) has a slope 5.7% lower than the predicted value (solid line) found 
in Figure 4-5.  
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by measuring the normalized conversion index throughout the reaction, as was done 
here. As a result, the 5.7% difference between the actual and predicted conversion 
rates was known prior to the conclusion of the reaction. As a result, the reaction was 
quenched at 100 minutes instead of the predicted 96 minutes. This resulted in a 44.7% 
conversion and a molecule with ܦܲതതതത௡=19.9. This demonstrates the capability to target 
star-shaped ter-oligomers with a precision of 0.1 monomer units. 
Slightly less precision is achieved for the polymerization of the other two star-
shaped ter-oligomers with target ܦܲതതതത௡=20, although 19<ܦܲതതതത௡<20 is still achieved. The 
cause stems from differences in the conversion rates for each initiator. All of the star-
shaped ter-oligomers synthesized from SAC-Br8 followed the same linear trend 
between normalized conversion index and polymerization time. However, changing 
the initiator results in a substantial change to the slope. (Figure 4-8) Whereas 
((GcMcH)3.1)6.4 had a slope of 1.34·10-1 mmol-1·L·min-1, the conversion 
((GcMcH)3.6)5.5 progressed at a rate of 3.54·10-1 mmol-1·L·min-1 and (GcMcH)19.2 had 
a rate of 1.12·10-1 mmol-1·L·min-1. Although all three initiators are comprised of the 
same initiating group, other differences including the number of initiating sites and the 
solubility of the initiator factor into the polymerization kinetics. 
In order to achieve the highest levels of precision, the conversion rate must be 
determined for each initiator. Dilution and catalyst ratios can then be altered from this 
information to achieve a reaction of sufficient duration to take multiple 1H-NMR 
samples during polymerization to eliminate the remaining uncertainty. For the star-
shaped ter-oligomers ((GcMcH)3.1)6.4 and ((GcMcH)3.6)5.5  the reactions were of 
sufficient length to precisely determine the conversion rate prior to quenching. This 
resulted in a degree of polymerization within 1% of the target for both molecules. The 
reaction time for (GcMcH)19.2 was not sufficiently long to measure the conversion rate 
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Figure 4-8. Plot of normalized conversion index versus time for ((GcMcH)3.1)6.4 (●), 
((GcMcH)3.6)5.5 (■) and (GcMcH)19.2 (▲). Different slopes are observed because each 
oligomer is polymerized from a different initiator. 
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with the same precision. However, the measurement of the conversion rate was still 
accurate enough to achieve the oligomer within 1 ܦܲതതതത௡ of the target. 
 
4.4 Conclusions 
This work greatly expands both the precision and range of materials that can be 
prepared as star-shaped oligomers. Random co-oligomers were synthesized with the 
same composition for average arm lengths of 3.1, 4.1, 7.8 and 16.3 monomer units by 
modifying the ratios of [M]0/[I]0 and [Cu1+]0/[Cu2+]0. In addition, a technique for 
preparing multifunctional initiators with reduced functionality was introduced. Star-
shaped ter-oligomers with the same core but different numbers of arms were 
successfully synthesized with a ܦܲതതതത௡=20 with a 1% error. These capabilities will now 
enable studies on the impact of arm number and arm length in the star-shaped 
oligomer regime for a wide range of materials and properties. 
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5.0 Abstract 
A combinatorial temperature gradient stage enable the study of different post-
exposure bake (PEB) temperatures on a single wafer. The roughness behavior of four 
star-shaped resists or “star resists” and an analogous linear resist control were 
examined on wafers with 925 combinations of PEB temperatures and doses. Optimal 
PEB temperatures were observed that minimized both the roughness and pattern blur 
of the resists. Power spectral density (PSD) analysis was performed along the optimal 
PEB temperatures to provide spatial roughness information. A unique, high frequency 
smoothing behavior was found in the best performing resist, indicating a potential 
conformational advantage in that material. 
 
5.1 Introduction 
As transistor miniaturization progresses the effect of roughness on critical 
dimension (CD) variations become increasingly detrimental as a consequence of 
shorter gate length and transistor width.[1, 2] As roughness from the resist sidewall is 
transferred to the substrate during the etch process,[3] understanding and minimizing 
photoresist roughness may be instrumental towards maintaining low defectivity as 
progress is made along the International Technology Roadmap for Semiconductors 
(ITRS).[4] Monte Carlo simulations have predicted that changes to the resist 
architecture should result in decreased roughness,[5] but physical experiments have 
lagged behind[6] in part because roughness is highly dependent on both the photoresist 
and its processing.[7, 8] 
In many other fields, studies in star-shaped polymers, which consist of multiple 
linear polymer arms covalently attached to a central core, have revealed improvements 
to polymer properties as the number of arms is varied.[9-11] Star-shaped polymers with 
very few arms behave similarly to a linear chain. However, as the number of arms is 
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increased, the capability of the arms to interact with neighboring molecules decreases, 
leading to an “ultrasoft colloid” regime.[10] Essentially, intermolecular interactions are 
traded in favor of intramolecular interactions. Consequently, stars are used for a range 
of applications including viscosity index modifiers in oil,[12] oxygen permeability and 
hardness enhancers in contact lenses,[13] and as additives in coatings, binder in toner 
and as encapsulation materials in pharmaceuticals.[14, 15] 
However, these applications, and many theoretical and experimental studies,[16-21] 
involve star-shaped polymers that are too large for high resolution lithography. We 
have recently demonstrated the capability to synthesize low molecular weight star-
shaped polymers[22-24] that may prove beneficial for a number of applications including 
drug delivery,[25] nanoparticle dispersion stabilizers,[26] cosmetic dyes,[27] and in vivo 
sensors,[28] in addition to photoresists.[29-31] In photoresists, we have demonstrated that 
these “star resists” can form smoother features compared with analogous linear 
materials.[32] 
In this work, we take advantage of recently developed combinatorial techniques[33] 
to fully explore the effect of post-exposure bake temperature on the resulting sidewall 
roughness of four star resists with the same composition but different arm lengths. 
(Figure 5-1) In addition to investigating line edge roughness (LER), the length 
independent roughness metric, infinite LER (LERinf),[1, 2] is examined combinatorially 
along with the spatial roughness parameters:[1, 2, 34-37] correlation length (ξ) and 
roughness exponent (α). Finally, power spectral density (PSD) analysis[1, 38, 39] is 
performed to gain insight into observed smoothing. 
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Figure 5-1. Graphical depiction of number average star-shaped poly(α-gamma 
butyrolactone methacrylate – co – methyl adamantyl methacrylate – co – hydroxyl 
adamantyl methacrylate) teroligomer corresponding to star resists (a) ((GcMcH)3.1)6.4, 
(b) ((GcMcH)4.1)6.4, (c) ((GcMcH)7.8)6.4 and (d) . The core and monomer units are 
represented by spheres with volumes set by the molecular weights of the saccharose 
initiator (excluding bromine) and the monomers (number average).  
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5.2 Experimental 
 
5.2.1 Materials 
Four experimental star resists were synthesized from the same saccharose based 
multifunctional initiator, which was measured to yield a blend of stars with an average 
number of arms equal to 6.4. Reaction conditions were modified based on the known 
kinetics model [See Equation 5-1][40-42] to grow arms with the same mol. percent 
composition: 50% α-gamma butyrolactone methacrylate (GBLMA), 30% methyl 
adamantyl methacrylate (MAMA), and 20% hydroxyl adamantyl methacrylate 
(HAMA) but different arm lengths, as previously described.[24] The GBLMA-co-
MAMA-co-HAMA (GcMcH) statistical terpolymers are named for their architecture: 
((GcMcH)n)f) where n is the number average of monomer units per arm and f is the 
number average of arms per molecule. (Table 5-1) 
 
 ln ቀ[M]0[M]t ቁ =
kpKATRP[PmX]ൣCuI൧
ൣCuII൧ t   Equation 5-1 
 
The base additive triethylamine, photoacid generator (PAG) triephenylsulfonium 
perfluorobutanesulfonate (TPS-Nf), spin solvent propylene glycol methyl ether acetate 
(PGMEA), and developer AZ® 726 MIF, a 0.26N tetramethylammonium hydroxide 
containing substrate wetting surfactants, were purchased from Aldrich and used as 
received.  
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Table 5-1. Resist characterization summary 
 
  
Entry  f a n b nDP c nM
d
((GcMcH)3.1)6.4 6.4 3.1 20 5 600
((GcMcH)4.1)6.4 6.4 4.1 26 6 900
((GcMcH)7.8)6.4 6.4 7.8 50 11 700
((GcMcH)16.3)6.4 6.4 16.3 104 22 700
(GcMcH)19.2 1 19.2 19 4 100
aAverage number of arms per star. bAverage number of monomer units per arm. 
cAverage degree of polymerization. dAverage molecular weight. All quantities are 
number average. 
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5.2.2 Lithography 
 
5.2.2.1 Preparation of Resist Films 
A solution consisting of 5 mg/mL PAG in PGMEA containing base in a 1.0:0.3 
PAG:base stochiometric ratio was prepared. 50 mg/mL batches of each resist were 
prepared from the same solution to ensure equal quantities of PAG and base. 100mm 
silicon wafers were primed with hexamethyldisilazane vapor in a YES-LPIII vapor 
priming oven. Resist films were applied through spincasting at 3000 RPM for 1 
minute with an acceleration of 3000 RPM/s. Following spin coating, a post apply bake 
was performed at 130 °C for five minutes. 
 
5.2.2.2 Exposure 
Exposures were carried out on a JEOL JBX-9300FS, 100kV electron beam at a 
current of 2nA with a scan pitch of 6nm and a full width half max beam size of 4.3nm. 
Half-pitches from 12nm to 144nm in 12nm steps were included in a test pattern 
consisting of 1:1 line-spaces in a 4 micron by 3 micron rectangle that was repeated 
five times for each half-pitch in a 60 micron by 60 micron area. A proximity 
correction was applied with the program Layout BEAMER using electron scattering 
simulation data from the program Sceleton. Exposures were performed in a 5x5 dose 
matrix starting from a base dose of 224 µC/cm2 with a 1.1x step size. The center to 
center spacing between doses was 250 microns. The dose matrix was repeated 37 
times across the wafer, in an array perpendicular to the large flat, with a spacing of 1.7 
mm between matrices. The e-beam was operated using an overlap mode, such that 
each pattern was exposed twice at half the intended dose. 
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5.2.2.3 Combinatorial Post-Exposure Bake 
A combinatorial thermal gradient stage was machined from 03/8 in. thick 
aluminum. A single piece of aluminum, 81/4 in. wide and 201/2 in. long, serves as the 
main stage. Four additional pieces of aluminum were welded to the final 5 in. on one 
end of the stage, creating a four sided ice bath with an open top 81/4 in. tall, 5 in. long 
and 81/2 in. wide that acts as a heat sink. A drainage hole was drilled 21/4 in. from the 
top to prevent changes to the volume/surface area of the heat sink from ice melting. 
This resulted in a constant heat sink with a 3.13 L volume and a surface area of 825 
cm2. The final 51/2 in. on the opposite end of the stage was placed in contact with a hot 
plate at 220 °C, surface area 293 cm2, creating a thermal gradient 10 in. long. During 
the operation of the thermal gradient stage, ice was continuously loaded into the heat 
sink to replace melting ice. (Figure 5-2) 
A Fisher Scientific Traceable Infrared Thermometer Gun with adjustable 
emissivity (ε) was manually used to record the temperature of an infrared opaque 
silicon wafer (ε=0.73) placed with its primary flat 1 in. from the hot plate and the 
opposite end 5 in. from the heat sink. Average temperature readings were recorded at 
1, 2, 3, 4, 5, 6, 7 and 8 cm from the large flat until a stable temperature was achieved. 
At this time, the infrared opaque wafer was removed and replaced with an exposed 
wafer. After all four wafers were subsequently baked for 30 sec. each, the infrared 
opaque wafer was replaced and the temperature measured again. This set of before and 
after temperatures were used to compute the linear temperature gradient. (Figure 5-3) 
 
5.2.2.4 Development 
Development was carried out on a Hamatech-Steag wafer processor using 726 MIF 
developer and a 60 second double puddle recipe.  
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Figure 5-2. Schematic of thermal gradient stage  
 176 
 
 
 
 
 
 
 
Figure 5-3. Temperature measured before (+) and after (X) PEB. Linear best fit (solid 
line) calculated from the combined average of before and after temperature readings. 
Calculated temperature at primary flat: 146.8 °C. Calculated gradient: 6.02 °C/cm. 
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5.2.3 Characterization 
 
5.2.3.1 Scanning Electron Microscopy (SEM) 
Wafers were sputtered using a Hummer Au/Pd sputtering system and placed in a 
LEO 1550 Field Emission SEM operated at 1.5kV. Images of 96nm half-pitch line-
spaces were recorded in a line integration mode (N=10) at a magnification of 40k 
stored at a 3072 x 2304 resolution, yielding 15 lines, 2.27 µm in length with a pixel 
size of 0.985 nm. 
 
5.2.3.2 Roughness Measurements 
Roughness was measured from electron micrographs of patterned and developed 
photoresists using the software SuMMIT. A Gaussian prefilter, 6 pixels wide, was 
applied in the direction perpendicular to the lines and a threshold of 0.5 was used to 
identify the line edge. The spatial roughness parameters, correlation length and 
roughness exponent, were calculated from the line edge height-height correlation 
function. Upon identifying the optimal PEB temperature for each resist, a compound 
analysis was performed on five sets of patterns, processed identically, to obtain 150 
line edges for PSD analysis and final roughness exponent and correlation length 
measurements. 
 
5.2.4 Linear Comparison 
A linear control, (GcMcH)19.2, was synthesized as previously described[24] and 
evaluated in a manner analogous to the star resists. 
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5.3 Results and Discussion 
During the PEB step of the lithographic processes, acid diffusion and the 
deprotection reaction depend on both the bake temperature and time. It is trivial to set 
the temperature of a hot plate. However, ensuring that multiple samples are heated, 
transferred to a cooling stage and cooled for the same length of time is substantially 
more difficult in a laboratory environment. Consequently, when conventional 
procedures are used to evaluate the effect of small PEB temperature changes, it can be 
difficult to determine whether roughness observations are caused by temperature or an 
error in heating and cooling time. The combinatorial technique avoids this uncertainty 
by examining multiple temperatures on a single wafer, ensuring heating and cooling 
time consistency between different temperatures on the wafer. 
Conventional procedures use a fully iterative process, whereby results from an 
initial experiment are evaluated and used to make procedural modifications for 
subsequent experiments.  In combinatorial work, all experimental conditions are 
processed simultaneously. In this case, an iterative process is confined to the SEM 
evaluation to reduce operation time. SEM images of the test patterns were recorded for 
every dose at a given PEB temperature. However, only one temperature, every few 
degrees, was evaluated. After measuring the roughness from these recorded images, a 
second step of SEM evaluation occurs. With the roughness data from the initial 
analysis, the temperature range of interest was narrowed. Test pattern images were 
recorded using a smaller temperature step size in this narrower range. This process 
was repeated until the best roughness was identified along with the roughness of the 
immediately higher and lower temperatures to confirm the presence of a minimum. As 
a result of this combinatorial process, the optimal PEB temperature could be identified 
in a shorter amount of time and with greater certainty due to the removal of heating 
and cooling time variations.  
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5.3.1 LERinf Evaluation 
A general trend was observed for all data; as the dose was increased from the 
clearing dose for a given PEB temperature, the CD of features decreased. The 
additional dose results in greater acid generation, causing additional deprotection 
reactions at the same PEB temperature. A blur distance was calculated from the 
difference between the exposed half-pitch (HP) and the feature CD for every dose and 
PEB temperature. 
As each SEM image contained 30 line edges but only 15 line widths, roughness 
evaluation was performed using the LERinf metric. Contour maps, depicting LERinf as 
a function of PEB temperature and blur were calculated from the recorded data using a 
Delaunay triangulation. (Figure 5-4, Figure 5-5, Figure 5-6 and Figure 5-7) An 
optimal PEB temperature can be defined by the temperature at which low roughness 
can be achieved with minimal blur. This occurs at 98 °C for ((GcMcH)3.1)6.4, 101 °C 
for ((GcMcH)4.1)6.4, 102 °C for ((GcMcH)7.8)6.4, and 126 °C for ((GcMcH)16.3)6.4. The 
optimal PEB temperature was found to increase with molecular size. At these 
temperatures, the star ((GcMcH)4.1)6.4 achieved the lowest roughness. 
It should be noted that the largest star, ((GcMcH)16.3)6.4, was found to have its 
process window shrink considerably below the reported temperatures. No processing 
conditions were observed that enabled 96 nm half-pitch resolution in ((GcMcH)16.3)6.4 
at the optimal PEB temperatures of the other star resists. This was not caused by 
underexposure, as collapsed patterns were observed at higher doses. 
The optimal PEB of the other stars was observed between 98 and 102 °C. While 
PEB heating and cooling times could not be held constant between different wafers in 
the experimental set-up, it is unlikely that a heating or cooling difference on the order 
of one second could account for a 4 °C shift. A more satisfactory explanation comes 
from the relationship between glass transition temperature and molecular weight. At  
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Figure 5-4. Contour plot depicting LERinf as a function of PEB temperature and 
pattern blur (half pitch minus critical dimension) for ((GcMcH)3.1)6.4. 
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Figure 5-5. Contour plot depicting LERinf as a function of PEB temperature and 
pattern blur (half-pitch minus critical dimension) for ((GcMcH)4.1)6.4. 
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Figure 5-6. Contour plot depicting LERinf as a function of PEB temperature and 
pattern blur (half-pitch minus critical dimension) for ((GcMcH)7.8)6.4.  
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Figure 5-7. Contour plot depicting LERinf as a function of PEB temperature and 
pattern blur (half-pitch minus critical dimension) for ((GcMcH)16.3)6.4.  
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low molecular weights, glass transition temperature decreases.[43] Consequently, acid 
can diffuse through a low molecular weight resist more rapidly at a given temperature. 
This is consistent with the observation that optimal PEB temperature decreased with 
decreasing molecular weight. 
As PEB temperature increases, dose is decreased in all four resists. This result is 
expected, as dose is responsible for acid generation; with higher temperature, less acid 
is required to bring about sufficient deprotection for a chemical switch. Roughness has 
been modeled as partially stemming from localized differences in the deprotection of 
photoresist[44] At PEB temperatures above the optimal PEB, roughness is increased 
because smaller quantities of acid result in greater statistical deviations in the localized 
acid concentration. As temperature decreases more acid must be generated, improving 
acid concentration statistics and leading to lower roughness. However, this is 
accompanied by a decrease in the acid diffusion length and available deprotection 
energy. Therefore, the optimal PEB temperature is a minimum between a higher 
temperature region where roughness is dominated by statistical differences in acid 
generation and a lower temperature region where roughness is dominated by statistical 
differences in deprotection. 
 
5.3.2 Reaction-Diffusion Front 
Blur can be interpreted as the progression of the reaction-diffusion front in a 
chemically amplified resist. However, it is important to note that its progression is 
dependent on a combination of factors, including acid diffusion, the deprotection 
reaction, extent of deprotection required to induce a solubility switch for a given resist, 
and acid trapping mechanisms including, but not limited to, base neutralization.[45] A 
diffusion coefficient for the reaction-diffusion front can be calculated from blur by 
simplifying to one dimensional diffusion: Blur/2=√2Dt. However, there is no 
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correlation between this diffusion coefficient and the diffusion coefficient of acid 
through the resist. (Figure 5-8 and Figure 5-9) 
Blur comparisons must be made at a constant exposure dose, as dose alters that initial 
acid concentration. The plot of logarithmic diffusion coefficient versus inverse 
temperature plot clearly demonstrates that the reaction-diffusion front does not follow 
Arrhenius behavior. An acid trapping mechanism (the base additive) impedes the 
diffusion coefficient’s increase with temperature beyond short length scales. However, 
neither the direct comparison of blur and temperature, nor the pseudo-Arrhenius 
interpretation of the reaction-diffusion front, yield any fundamental insight to the 
optimal PEB temperature. For additional understanding one must look to spatial 
roughness. 
 
5.3.3 Spatial Roughness 
The standard roughness metrics of LER and LWR (as well as LERinf and LWRinf) 
are measures of statistical deviation from a mean.[1] They do not include spatial 
information describing where that deviation occurs. Below the correlation length, 
roughness can be characterized as a self-similar fractal with a fractal dimension equal 
to 2-α. Roughness saturates towards a fractal dimension of one above the correlation 
length, leading to an overall behavior that is consistent with a self-affine fractal.[36] 
The spatial roughness parameters were calculated from the HHCF of 150 line 
edges for each data point at the optimal PEB temperatures. Plotting the spatial 
roughness against pattern blur reveals two trends. (Figure 5-10 and Figure 5-11) As 
previously reported, the roughness exponent is dependent on the deprotected 
composition at the line edge and is therefore invariant to most processing parameters 
except development.[8] The behavior of the star resists is consistent with those 
findings, although a general downwards trend is observed at high degrees of blurring 
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Figure 5-8. Blur-temperature plots for resist ((GcMcH)4.1)6.4 at an exposure dose of 
1029 (♦), 1132 (■), 1245 (▲), and 1370 (●) µC/cm2. Plot of pattern blur versus PEB 
temperature.  
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Figure 5-9.  Blur-temperature plots for resist ((GcMcH)4.1)6.4 at an exposure dose of 
1029 (♦), 1132 (■), 1245 (▲), and 1370 (●) µC/cm2. Logarithmic diffusion coefficient 
versus inverse temperature plot for the reaction-diffusion front is not Arrhenius due to 
acid trapping mechanisms.  
 188 
 
 
 
 
 
 
 
Figure 5-10. Roughness exponent is plotted against blur at the optimal PEB 
temperatures for ((GcMcH)16.3)6.4 (●), ((GcMcH)7.8)6.4 (▲), ((GcMcH)4.1)6.4 (■), and 
((GcMcH)3.1)6.4 (♦). Lines are to guide the eyes.  
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Figure 5-11. Correlation length is plotted against blur at the optimal PEB temperatures 
for ((GcMcH)16.3)6.4 (●), ((GcMcH)7.8)6.4 (▲), ((GcMcH)4.1)6.4 (■), and ((GcMcH)3.1)6.4 
(♦). Lines are to guide the eyes. 
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as the resists approach pattern collapse.  Furthermore, aside from the largest star, the 
roughness exponents of the resists are in close agreement. Correlation length has a 
much stronger dependence on the processing conditions. The star resists express a 
minimum correlation length at moderate blur. Correlation length increases 
significantly when the resist is on the verge of under- or over-exposure. Similar 
minimum correlation lengths are observed for all four star resists except, surprisingly, 
the lowest roughness resist, which has a correlation length 4nm higher than the other 
resists. 
A PSD analysis can provide further spatial information by dividing roughness into 
its component spatial frequencies. Examining the PSD of the star resists over a range 
of pattern blurs reveals that the primary smoothing as the star resists blur occurs at low 
frequencies. (Figure 5-12, Figure 5-13, Figure 5-14 and Figure 5-15)  
A unique, high frequency smoothing was observed as pattern blurring increased in 
((GcMcH)4.1)6.4. Comparing ((GcMcH)4.1)6.4 with the other star resists blurred a 
similar amount, reveals that this high frequency smoothing is the reason 
((GcMcH)4.1)6.4 has the lowest roughness. (Figure 5-16) Interestingly, the two smallest 
resists, ((GcMcH)3.1)6.4 and the linear control (GcMcH)19.2, do not exhibit the best 
roughness. The PSD of ((GcMcH)3.1)6.4 is a close match with ((GcMcH)7.8)6.4, while 
the linear control has spatial roughness similar to the much larger ((GcMcH)16.3)6.4. 
In order to examine the role of temperature on this high frequency smoothing, 
multiple SEM images were collected for the temperatures one degree higher and lower 
than the optimal PEB for ((GcMcH)4.1)6.4. PSD analysis reveals a strong temperature 
dependence in the high frequency smoothing. (Figure 5-17) If the PEB temperature is 
raised or lowered by even a single degree, high frequency roughness worsens. This 
effect is far more significant than the changes in low frequency roughness. Pattern blur 
is observed to change by 1 nm/°C. 
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Figure 5-12. PSD analysis of 150 line edges for star resists at their optimal PEB. 
((GcMcH)3.1)6.4 with pattern blur of 10.5 (dot), 20.8 (dash), and 27.6 (solid) nm. 
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Figure 5-13. PSD analysis of 150 line edges for star resists at their optimal PEB. 
((GcMcH)4.1)6.4 with pattern blur of 11.2 (dot), 20.1 (dash), and 29.6 (solid) nm.
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Figure 5-14. PSD analysis of 150 line edges for star resists at their optimal PEB. 
((GcMcH)7.8)6.4 with pattern blur of 11.5 (dot), 19.4 (dash), and 25.6 (solid) nm. 
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Figure 5-15. PSD analysis of 150 line edges for star resists at their optimal PEB. 
((GcMcH)16.3)6.4 with pattern blur of 2.0 (dot), 16.2 (dash), and 22.6 (solid) nm.
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Figure 5-16. PSD analysis of 150 line edges at the optimal PEB for ((GcMcH)16.3)6.4 
(dash-dot), ((GcMcH)7.8)6.4 (dash), ((GcMcH)4.1)6.4 (solid) ((GcMcH)3.1)6.4 (dot), and 
(GcMcH)19.2 (long dash). Pattern blur is 18.9, 22.6, 26.9, 27.6, and 27.6 nm 
respectively.  
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Figure 5-17. PSD analysis of 150 line edges for resist ((GcMcH)4.1)6.4 exposed with 
the same dose with PEB temperatures one degree below the optimal PEB, 100 °C 
(dot), at the optimal PEB, 101 °C (solid), and one degree above the optimal PEB, 102 
°C (dash). 
  
 197 
 
5.3.4 Sources of High Frequency Smoothing 
Having determined that the best performing resist, ((GcMcH)4.1)6.4, displayed 
unique high frequency smoothing in its spatial roughness, it is important to explore 
potential causes. 
The most obvious difference between the resists is molecular weight. It is 
understood how roughness can decrease with molecular weight.[7] However, there 
exists a practical lower limit as the resist’s glass transition temperature decreases at 
low molecular weights.[43] While it is likely that there is a decrease in glass transition 
temperature between the star resists, it could not be measured as even the smallest star  
had a glass transition temperature higher than its decomposition temperature (around 
150 °C). Molecular weight and glass transition temperature can account for the subtle 
differences in the optimal PEB of stars ((GcMcH)3.1)6.4, ((GcMcH)4.1)6.4, and 
((GcMcH)7.8)6.4. However, as the glass transition temperature of even the smallest star 
was still above 150 °C, it is difficult to conceptualize how molecular weight arguments 
could adequately explain high frequency smoothing in ((GcMcH)4.1)6.4 but not the 
smaller ((GcMcH)3.1)6.4. 
An additional difference between the resists is composition. In this experiment the 
composition of the star resist arms was held constant. However, as the saccharose core 
was identical for all stars, the overall composition of GBLMA, MAMA and HAMA 
shifted as molecular weight decreased. (Table 5-2) The percentage of the acid labile 
group MAMA decreases with resist size, as the core becomes responsible for an 
increasing percentage of the resist’s composition. Consequently there are less sites 
available for deprotection. In a conventional resist, reducing the number of non-polar 
sites would improve the resist’s sensitivity. The opposite trend is observed in these 
materials as the increasing influence of the non-polar core overwhelms the decrease in 
acid labile groups. 
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Table 5-2. Overall resist composition 
  
Entry Initiatora GBLMAa MAMAa HAMAa
((GcMcH)3.1)6.4 27.6% 30.0% 26.3% 16.1%
((GcMcH)4.1)6.4 22.4% 32.3% 28.5% 16.8%
((GcMcH)7.8)6.4 13.2% 36.7% 30.3% 19.8%
((GcMcH)16.3)6.4 6.8% 39.9% 32.5% 20.8%
(GcMcH)19.2 4.7% 37.9% 35.5% 21.9%
aReported in weight percentage. 
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It is possible that a minimum in polarity occurs at ((GcMcH)4.1)6.4. It may be 
necessary to synthesize a large number of resists, with many different compositions at 
each size, to completely disprove such a possibility. However, as with molecular 
weight, it is difficult to imagine a polarity difference between ((GcMcH)4.1)6.4 and the 
slightly smaller ((GcMcH)3.1)6.4 that is sufficiently large that it could satisfactorily 
explain high frequency smoothing in one and not the other. In addition, were a 
combination of polarity and low molecular weight responsible for the high frequency 
smoothing, one would expect to observe this phenomenon in a polar, low molecular 
weight resist, such as the linear control (GcMcH)19.2. As this behavior was not 
observed in the linear control, one must conclude another cause for the high frequency 
smoothing. (Figure 5-18) 
The final difference between the resists is arm length. Of all the possibilities 
discussed, only arm length, and its impact on intermolecular interactions, offers an 
explanation for the observation of high frequency smoothing in  ((GcMcH)4.1)6.4 but 
not ((GcMcH)3.1)6.4. Stated simply, if the arms are too short there will be an 
insufficient barrier to prevent core-core interactions. Oppositely, as the arm length 
increases so too does the arm-arm interaction between resist molecules. Simulations of 
larger stars with many more arms have shown that it is possible for stars to assume a 
conformation where their cores couple, essentially behaving as a molecule that is 
twice as large.[18, 46] It is therefore plausible that the conformation of ((GcMcH)4.1)6.4 
exists at an intermolecular interaction minimum, allowing the sidewall revealed upon 
development to more closely match the deprotection profile and enabling high 
frequency smoothing. The similar spatial roughness of ((GcMcH)3.1)6.4 and 
((GcMcH)7.8)6.4, which is twice the molecular weight, supports this coupling 
hypothesis. Confirmation of this argument will require molecular simulations of the 
resist conformations, which are beyond the scope of the current work. At this time, 
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Figure 5-18. PSD analysis of 150 line edges for linear control (GcMcH)19.2 with 7.6 
(dot), 23.8 (dash), and 40.3 (solid) nm of pattern blurring.  
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such simulations have only been carried out for star polymers more than an order of 
magnitude larger than the star resists.[9, 10, 20] 
 
5.3.5 Statistical Comparison of Linear and Star Resists 
Having examined 150 line edges for each set of processing conditions at the 
optimal PEB  temperatures, it is possible to make a statistical comparison between the 
performance of the linear and star resists. (Figure 5-19) At similar amounts of pattern 
blur, the star resist is smoother than the linear resist. Even by increasing the pattern 
blur substantially, the linear material is unable to match the roughness of the star. As a 
final comparison the best SEM of the star resist ((GcMcH)4.1)6.4 is displayed alongside 
the best SEM of the linear control at the same blur, clearly demonstrating a smoother 
line edge. (Figure 5-20 and Figure 5-21) The star resist has a LWR of 4.7 nm and LER 
of 3.1 nm while the linear resist has a LWR of 6.3 nm and LER of 4.4 nm, all 3σ. 
 
5.4 Conclusions 
A combinatorial temperature gradient enabled the study of roughness and PEB 
temperature on a single wafer eliminating errors in PEB heating and cooling times. A 
PEB temperature was found for the star resists that minimized roughness and pattern 
blur. This optimal PEB trended towards lower temperatures as the size of the star 
decreased, likely as a result of decreasing glass transition temperature. The star resist 
((GcMcH)4.1)6.4 was found to exhibit the best roughness. Using PSD analysis to 
investigate spatial roughness revealed the source of this improvement stemmed from a 
unique, high frequency smoothing in that resist. This behavior was found to increase 
with pattern blur caused by higher exposure doses and to decrease as a result of 
temperature fluctuations around the optimal PEB. The high frequency smoothing was 
not observed in the other star resists or in the linear resist control. Molecular  
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Figure 5-19. Cumulative percent less than plot of LER for star resist ((GcMcH)4.1)6.4 
with 26.9 nm of pattern blur (solid) and the linear control (GcMcH)19.2 with 27.6 
(dash) and 40.3 (dot) nm of pattern blur.  
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Figure 5-20. SEM of l/s test patterns of star resist with 26.9 nm of pattern blur. 
Original images recorded with 3072 x 2304 pixels with a 0.985 nm pixel size. 
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Figure 5-21. SEM of l/s test patterns of the linear resist control with 27.6 nm of pattern 
blur. Original images recorded with 3072 x 2304 pixels with a 0.985 nm pixel size.
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conformation simulations may yield intermolecular interaction data that could further 
explain this phenomenon. 
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